Chronic exposure to high concentrations of hexavalent chromium (Cr(VI)) in drinking water causes intestinal adenomas and carcinomas in mice, but not in rats. Cr(VI) causes damage to intestinal villi and crypt hyperplasia in mice after only one week of exposure. After two years of exposure, intestinal damage and crypt hyperplasia are evident in mice (but not rats), as are intestinal tumors. Although Cr(VI) has genotoxic properties, these findings suggest that intestinal tumors in mice arise as a result of chronic mucosal injury. To better understand the mode of action (MOA) of Cr(VI) in the intestine, a 90-day drinking water study was conducted to collect histological, biochemical, toxicogenomic and pharmacokinetic data in intestinal tissues. Using MOA analyses and human relevance frameworks proposed by national and international regulatory agencies, the weight of evidence supports a cytotoxic MOA with the following key events: (a) absorption of Cr(VI) from the intestinal lumen, (b) toxicity to intestinal villi, (c) crypt regenerative hyperplasia and (d) clonal expansion of mutations within the crypt stem cells, resulting in late onset tumorigenesis. This article summarizes the data supporting each key event in the MOA, as well as data that argue against a mutagenic MOA for Cr(VI)-induced intestinal tumors.
Introduction
Chromium is a naturally occurring element that primarily exists in two oxidation states: hexavalent chromium (Cr(VI)) and trivalent chromium (Cr(III)). Inhalation and intratracheal instillation of Cr(VI) increases lung tumors in rodents (Glaser et al., 1986; Steinhoff et al., 1986) , and occupational exposure to high concentrations of Cr(VI) is associated with increased risk of lung cancer among workers of certain industries (IARC, 1990; Luippold et al., 2003; Machle & Gregorius, 1948; Park et al., 2004) . The International Agency for Research on Cancer lists Cr(VI) as ''carcinogenic to humans (Group I) '' (IARC, 1990) . In contrast, Cr(III) induces only limited acute and chronic toxicity, is not carcinogenic, and is equivocally considered a micronutrient (Anderson, 2000; Di Bona et al., 2011; IARC, 1990; NTP, 2008a; Stout et al., 2009b) . Differences in toxicity between Cr(III) and Cr (VI) are primarily due to the lower cell permeability of Cr(III). The toxicity of Cr(VI) is mitigated by reduction to Cr(III) in bodily fluids, especially in the acidic reducing conditions of the stomach (De Flora et al., 1987 Febel et al., 2001 ). Recognizing differences in kinetics, biochemistry and toxicology of Cr(III) and Cr(VI), health risk assessment of chromium compounds has historically been both route-and valence-specific (US EPA, 1998) .
In 2008, the National Toxicology Program (NTP) reported findings from 2-year cancer bioassays for both Cr(III) and Cr(VI) in feed and drinking water, respectively (NTP, 2008a,b) . Consistent with its low bioavailability, Cr(III) (administered as chromium picolinate) demonstrated ''no evidence of carcinogenicity in mice or female rats'', and only ''equivocal evidence for preputial gland adenomas in male rats'' (NTP, 2008a; Stout et al., 2009b) . In contrast, Cr(VI) (administered as sodium dichromate dihydrate; SDD) produced a dose-related increase in tumors in the small intestine of mice and oral mucosa of rats (NTP, 2008b; Stout et al., 2009a) . However, because the drinking water concentrations in the NTP study were orders of magnitude greater than typical environmental levels, there has been debate about whether the high Cr(VI) concentrations depleted the reductive capacity of the mouse stomach and intestinal lumen (Collins et al., 2010; De Flora et al., 2008; Proctor et al., 2011; Stern, 2010) . Recently published studies on speciesspecific investigations of Cr(VI) toxicokinetics suggest that the carcinogenic concentrations in the 2-year bioassay depleted gastric reductive capacity thereby leading to higher concentrations of Cr(VI) entering the intestinal lumen (Kirman et al., 2012; Proctor et al., 2012) .
Cr(VI) can be genotoxic, especially in in vitro systems (Chiu et al., 2010; Holmes et al., 2008; Nickens et al., 2010; Zhitkovich, 2011) . It has therefore been argued that the tumors observed following chronic oral exposure to Cr(VI) arose by a mutagenic mode of action (MOA) involving DNA mutation as an early key event in the carcinogenic process (McCarroll et al., 2010; US EPA, 2010; Zhitkovich, 2011) . However, the NTP study authors described the non-neoplastic lesions in the mouse intestine (namely diffuse hyperplasia) as secondary to previous epithelial injury (NTP, 2008b) . In contrast to mice, diffuse hyperplasia and tumors were not observed in rats (NTP, 2008b) . These disparate observations in the two species suggested that the intestinal tumors in mice likely occurred via a cytotoxic MOA; however, there was insufficient information to determine the MOA due to a dearth of data describing the dose-response and sequence of key events in the target tissue. Therefore, we conducted an MOA analysis using the MOA framework outlined in the US EPA Guidelines for Carcinogen Risk Assessment (US EPA, 2005a) to: (a) hypothesize a plausible MOA for the mouse intestinal tumors, (b) identify data gaps and (c) design and conduct a 90-day drinking water study in the same strains of mice and rats in order to acquire critical data to fill these gaps (Thompson et al., 2011a) . The study design, described in detail in Thompson et al. (2011b Thompson et al. ( , 2012c , employed the same drinking water concentrations as the NTP 2-year bioassay (NTP, 2008b) as well as two lower drinking water concentrations; one of which was 100 mg/l, the federal maximum contaminant level (MCL) for total chromium (US EPA, 1991) . Histopathological, biochemical, toxicogenomic and pharmacokinetic data were collected in the target tissues after 7 and 90 days of exposure, and many of the study results have been published (Kirman et al., 2012; Kopec et al., 2012a,b; Proctor et al., 2012; Thompson et al., 2011b Thompson et al., , 2012a .
The purpose of this article is to present a synthesis of the MOA data, as well as other available data, and to characterize a plausible MOA for mouse intestinal tumors using a weight-of-evidence (WOE) approach. An assessment of the oral mucosal tumors observed in rats will be presented in a separate publication.
Brief review of Cr(VI) genotoxicity and carcinogenicity
The term genotoxicity is broadly used to describe genetic damage that can arise from both mutagenic and nonmutagenic processes. These latter two terms, mutagenic and nonmutagenic, have various meanings in different contexts; and what exactly constitutes a mutagenic MOA is an ongoing debate. As an example, the 2007 US EPA draft report Framework for Detecting a Mutagenic Mode of Action for Carcinogenicity remains unfinalized (US EPA, 2007) . As an alternative to a mutagenic MOA, many scientists prefer to use terminology such as DNA-reactive (Boobis et al., 2009; Preston and Williams, 2005; Williams, 2008) . However, it is important to realize that DNA reactivity (e.g. DNA adducts) does not necessarily correlate with mutagenicity, and chemicals that can react with DNA may not necessarily induce tumors solely as a result of direct interaction with DNA (Swenberg, et al., 2008) . Although the US EPA framework remains unfinished, it nevertheless contains insightful approaches for determining whether a chemical has a mutagenic MOA. The framework asks the critical question, ''Is mutation an early key event in the chemical's induction of cancer? '' (US EPA, 2007) . In the balance of this review, it is important to keep this critical question in mind, because it has important implications for how risk assessors derive safe values for exposure to Cr(VI).
The genotoxicity of Cr(VI) outside of the small intestine has been the subject of several recent reviews (Chiu et al., 2010; Nickens et al., 2010; O'Brien et al., 2003; Zhitkovich, 2005 Zhitkovich, , 2011 and will therefore be summarized only briefly herein. In vitro evidence of genotoxicity is summarized in the section ''Assessment of Cr(VI) genotoxicity in vitro'', and in vivo genotoxicity is summarized in the section ''Assessment of Cr(VI) genotoxicity in vivo'' -with particular attention given to the doses and route of administration in such studies. Although the in vitro findings are informative and demonstrate that Cr(VI) can be genotoxic, the in vivo studies, arguably more relevant in the context of human health risk assessment, are far less convincing with respect to the ability of Cr(VI) to induce genotoxicity under environmentally relevant exposure scenarios. The section ''Cr(VI) carcinogenicity in the lung'' briefly reviews data on Cr(VI)-induced lung tumors, which appear to involve nonmutagenic mechanisms. The section ''Summary of the alimentary canal lesions in the NTP 2-year CR(VI) bioassays'' and the sections thereafter summarize recent findings that allow for development of a highly plausible MOA for Cr(VI)-induced tumors in the small intestine. Importantly, a plausible MOA does not require in-depth mechanistic understanding, but rather is a high level description of major events that are required to result in tumor formation in a specific tissue (Sonich-Mullin et al., 2001; US EPA, 2005a) .
Assessment of Cr(VI) genotoxicity in vitro
Cr(VI) primarily exists as a chromate anion (CrO 2À 4 ) under most physiological conditions; this anion is structurally similar to sulfate (SO 2À 4 ) and phosphate (PO 2À 4 ), and therefore Cr(VI) uptake occurs through anion transporters (Alexander & Aaseth, 1995; Buttner & Beyersmann, 1985; Collins et al., 2010; Markovich, 2001; Salnikow & Zhitkovich, 2008; Zhitkovich, 2005) . In fact, resistance to Cr(VI) toxicity can be conferred by changes in anion transporter expression or function (Campbell et al., 1981; Lu & Yang, 1995) . In contrast, Cr(III) is likely absorbed via pinocytosis or endocytosis thereby resulting in far less uptake into cells than Cr(VI) (Sedman et al., 2006; Vincent, 2000) . Extracellular reduction of Cr(VI) to Cr(III) therefore effectively limits chromium absorption. Reduction of Cr(VI) to Cr(III) is mediated primarily by binding to low molecular weight thiols (e.g. GSH), antioxidants (e.g. ascorbate) and macromolecules (e.g. proteins) (De Flora et al., 1985; O'Brien et al., 2003; Zhitkovich, 2005) 
. This reduction can lead to binary [Cr(III)-ligand] and ternary [ligand-Cr(III)-ligand] complexes [e.g. GSH-Cr(III)-GSH]. Reduction of Cr(VI) can also lead to the formation of less stable intermediates such as Cr(V)
and Cr(IV), as well as thiol radicals (O'Brien et al., 2003; Yao et al., 2008) . Molecular oxygen can also reduce Cr(VI) to Cr(V) thereby generating reactive oxygen species (ROS) (Liu & Shi, 2001 ), which in turn can lead to the formation of hydrogen peroxide.
Noncellular in vitro studies indicate that Cr(VI) does not bind directly to DNA, whereas Cr(III) can bind directly to DNA (De Flora et al., 1990; Jennette, 1979) . Cr(VI) that is reduced to binary Cr(III)-ligands can also bind DNA to form ternary [e.g. GSH-Cr(III)-DNA] DNA adducts (Zhitkovich, 2005) . Simple bacterial systems are frequently used as an initial assessment of the genotoxicity and mutagenicity of chemicals McCann et al., 1975; OECD, 1997) . Cr(VI) has been shown to increase reversions (i.e. mutations) in Salmonella typhimurium and Escherichia coli; however, mutation formation is mitigated by the addition of S9 (De Flora, 1978; NTP, 2008b; Petrilli & De Flora, 1978a,b) . This mitigation of Cr(VI) mutagenicity is consistent with extracellular reduction of Cr(VI) to Cr(III) by constituents present in the microsomal S9 mix (Petrilli & De Flora, 1978a,b) . This is supported by the findings that Cr(III) itself does not induce revertants in S. typhimurium (Petrilli & De Flora, 1978b) . In 1982, the S. typhimurium strain TA102 was developed, which better detected mutations from oxidants than typical S. typhimurium tester strains such as TA100 (Levin et al., 1982) . Subsequently, the TA102 strain was shown to be more sensitive to Cr(VI) than eight other S. typhimurium strains (Bennicelli et al., 1983) . Similar conclusions can be drawn from the more recent NTP study (NTP, 2007) , where the number of Cr(VI)-induced revertants in TA100 were much lower than the positive control sodium azide (Supplementary Figure 1) -indicating the relative weakness of Cr(VI) mutagenicity. In contrast, the number of Cr(VI)-induced mutants in E. coli strain WP2uvrA (equivalent to TA102) was similar to the positive control methyl methanosulfonate (Supplementary Figure 1) . In fact, Cr(VI) has been characterized as having only modest mutagenic activity in bacterial systems (Petrilli & De Flora, 1982) . Consistent with the chemistry of Cr(VI), mutations in TA102 and WP2uvrA indicate involvement of oxidative DNA damage as well as direct DNA reactivity. It is important to recall that bacterial DNA is not sequestered by a nuclear envelope and thus Cr(III) and Cr(III)-ligands have equal access to DNA, proteins and other cellular constituents. In contrast, Cr(VI) that enters eukaryotic cells through anion transporters is more likely to react with cytoplasmic components (e.g. proteins, RNA, GSH, ascorbate) than with nuclear DNA. De Flora and colleagues have long posited that Cr(VI)-induced mutagenesis (and carcinogenesis) is likely limited by extracellular reduction to Cr(III), as well as cytoplasmic trapping in ternary complexes when Cr(VI) is reduced intracellularly. Only when the intracellular Cr(VI) concentration is sufficient to escape cytoplasmic reduction will Cr(VI) enter the nucleus and be reduced to DNA-reactive Cr(III) (De Flora, 2000; De Flora et al., 1984; Petrilli & De Flora, 1982) . Cytoplasmic and nuclear reduction of Cr(VI) can also generate ROS that might damage DNA.
The genotoxicity of Cr(VI) in mammalian cells has been the subject of several recent reviews (Chiu et al., 2010; Holmes et al., 2008; Nickens et al., 2010; Zhitkovich, 2011) ; the reader is referred to these reviews and the articles therein for detailed discussion. Genotoxic lesions associated with Cr(VI) exposure include DNA adducts, DNA strand breaks, DNA protein cross-links, inter-and intra-strand DNA crosslinks, oxidative DNA lesions, mutations and epigenetic alterations (Table 1) (Holmes et al., 2008; Nickens et al., 2010; O'Brien et al., 2003; Zhitkovich, 2011) . Based on the known chemistry of Cr(VI) reduction, oxidative stress is a very likely mechanism. However, as concluded by Patierno and colleagues, ''although there are many studies reporting on the relationship between oxidative stress and Cr(VI)-mediated cytotoxicity, genotoxicity, and potential carcinogenesis, due to nonuniform treatment protocols, conflicting data and controversial methods used for detection of Cr(VI)-induced oxidative stress, this relationship remains unclear'' (Nickens et al., 2010) . Nevertheless, recent in vitro studies continue to implicate oxidative stress in Cr(VI) genotoxicity. For example, several studies have reported that continuous passage (4-24 weeks) of human bronchial epithelial Beas-2B cells in relatively low concentrations of Cr(VI) (e.g. 0.25-5 mM) can result in transformation (Azad et al., 2010; Sun et al., 2011; Wang et al., 2011) , and one study demonstrated that such transformation could be ameliorated by transfection of plasmids containing superoxide dismutase, catalase or RNA inhibitors of NADPH oxidase (Wang et al., 2011 ). As will be described in greater detail in the section ''In vitro intestinal Caco-2 cell model'', Cr(VI) was shown to induce 8-hydroxy-2 0 -deoxyguanosine (8-OHdG) DNA damage at lower concentrations than that which induced DNA double strand breaks (DSBs) in Caco-2 cells (Thompson et al., 2012a) .
As discussed above, intracellular Cr(VI) reduction leads to binary and ternary Cr(III) adducts. The abundance of cytoplasmic macromolecules suggests that Cr(III) ternary ligands likely represent inactive chromium species (Petrilli & De Flora, 1982) . It has been suggested that Cr(III) might be oxidized intracellularly to Cr(VI) thereby creating a cycle of Cr(VI) formation and reduction (Levina & Lay, 2008) ; however, it appears that very strong nonbiological oxidants are required to convert Cr(III) to Cr(VI) (Petrilli & De Flora, 1978b) . Binary Cr-DNA adducts are estimated to represent more than 75% of all Cr-DNA adducts (i.e. binary and ternary), but are also thought to have weaker mutagenic potential than ternary adducts (Zhitkovich, 2011) . Ternary Cr-DNA adducts appear to be more mutagenic, as these lesions can lead to DNA DSBs (Nickens et al., 2010; Zhitkovich, 2011) . Cr(VI)-induced DNA lesions are thought to be repaired by base excision repair (BER), nucleotide excision repair (NER) and mismatch repair (MMR) pathways (Nickens et al., 2010; O'Brien et al., 2009) .
Cr(VI) is also reported to induce epigenetic (e.g. microRNA, histone modification and DNA methylation) changes in cells. For example, treatment of transgenic gpt þ Chinese hamster V79 fibroblasts with soluble and insoluble chromate both induced mutant colonies (Klein et al., 2002) . However, whereas the revertants from cells treated with insoluble chromate arose from gpt deletions, the revertants from cells treated with soluble chromate arose from gpt silencing due to hypermethylation of the gpt promoter region (Klein et al., 2002) . Similarly, treatment of A549 cells with Cr(VI) was shown to increase cellular methylation of histone H3 lysine 9 (H3K9), as well as decrease mRNA levels of MLH1 (discussed further in the section ''Cr(VI) Carcinogenicity in the lung'') (Sun et al., 2009) . Another study reported that cells deficient in MMR were resistant to Cr(VI)-induced toxicity (Peterson-Roth et al., 2005) , and it has been posited that Cr(VI) might ''select'' for cells deficient in MMR, which could increase genomic instability (Salnikow & Zhitkovich, 2008) . Other studies, however, have shown that transformation of Beas-2B cells by repeated passage in low levels of Cr(VI) results in different phenotypes (Rodrigues et al., 2009 ). These different outcomes in different cell models underscore the complexities of interpreting in vitro findings and applying them to in vivo conditions.
One widely used method for assessing genotoxicity is the micronucleus (MN) assay, which can detect DNA damage that arises through either clastogenic or aneugenic mechanisms (Fenech et al., 2011; Kirsch-Volders et al., 1997 OECD, 2010; Parry et al., 2002) . Studies in human diploid fibroblasts (MRC-5) have indicated that Cr(VI) induces MN through aneuploidic mechanisms (Seoane & Dulout, 2001; Seoane et al., 2002) . Recent studies in CHO-K1 and A549 cells indicate that Cr(VI) induces MN only at cytotoxic concentrations (Thompson et al., 2012a ). An earlier study reported MN in CHO cells; however, there was no dose-dependent response or statistical analyses presented (Howard et al., 1992) , and as such these results are highly uncertain. The strongest evidence for induction of MN in vitro comes for studies that first supplement cells with dehydroascorbic acid (DHA) prior to Cr(VI) exposure (Reynolds et al., 2007 (Reynolds et al., , 2012 . Pretreatment with DHA elevates cellular ascorbate to levels reported in tissues and freshly isolated cells (Chen et al., 2005; Martensson and Meister, 1992; Vissers et al., 2011) . DHA is used because supplementation of culture media with ascorbate generates toxic levels of peroxide through interactions with cell culture constituents (Azzolini et al., 2011; Chen et al., 2005; Long and Halliwell, 2012) , and may potentiate the genotoxicity of some compounds (Crott & Fenech, 1999; Krishnaja & Sharma, 2003) . Reynolds and colleagues reported that preloading cells with DHA caused significant decreases in cellular chromium levels, which they posited were due to ascorbate leakage from cells. However, such leakage also implies that ascorbate might have generated peroxide through reaction with media constituents. It is also unknown whether artificially loading cells with DHA/ascorbate prior to Cr(VI) treatment better recapitulates the in vivo cell because, for example, DHA/ascorbate reduction is mediated nonenzymatically by GSH as well as enzymatically through GSH-dependent and NADPH-dependent reactions (Lister & Van Schaftingen, 2007; Martensson & Meister, 1992) . This suggests that DHA loading may alter cellular redox status. Without pretreatment with DHA, little to no genotoxicity was observed (Reynolds et al., 2007 (Reynolds et al., , 2012 .
Despite evidence of Cr(VI) genotoxicity in vitro, recent studies suggest that at lower Cr(VI) concentrations, oxidative stress and oxidative DNA damage may be the primary drivers of genotoxicity (Thompson et al., 2012a; Wang et al., 2011) , not direct DNA reactivity. As will be seen in the following section, the evidence for in vivo genotoxicity is relatively weak, and most of the positive findings are based on nonphysiological doses and exposure routes, and may be the result of oxidative mechanisms.
Assessment of Cr(VI) genotoxicity in vivo
Several of the available in vivo genotoxicity studies for Cr(VI) are summarized in Table 2 . Like in vitro MN formation, in vivo MN formation can arise through aneugenic and clastogenic mechanisms, and is not necessarily indicative of direct DNA reactivity. Examination of Table 2 shows a clear pattern in MN studies in mice where positive results are primarily found in studies where Cr(VI) was administered by intraperitoneal (i.p.) injection, and negative results are primarily found in studies where Cr(VI) was administered orally (via drinking water or gavage). Considering that i.p. DOI: 10.3109/10408444.2013.768596 Flora et al., 2006; Shindo et al., 1989) . In each case, positive results were observed only after i.p. exposure.
In vivo MN assays in rodents exposed to Cr(VI) via gavage or drinking water are generally negative (De Flora et al., 2006; Harris et al., 2012; Mirsalis et al., 1996; NTP, 2007; Shindo et al., 1989) . The NTP (2007) conducted four in vivo MN tests in peripheral blood erythrocytes of three strains of mice exposed to Cr(VI) for three months. Two studies were conducted in B6C3F1 mice exposed to 1000 mg/l SDD: one of which was judged to be negative in both male and female mice, and the other equivocal (p value not significant) by the NTP study authors. A third study in male BALB/C mice was negative; and a fourth study in male transgenic am3-C57BL/6 mice was positive. Interestingly, the latter strain contains a transgene for detecting forward and reverse mutations; however, to our knowledge a mutation analysis has never been reported (NTP, 2007 (NTP, , 2008b . As will be discussed in greater detail later in this review, exposure to 0.1-182 mg/l Cr(VI) in drinking water for 7 or 90 days did not increase MN formation in the mouse small intestine (Harris et al., 2012) .
Two studies have reported DNA mutations in mice following i.p. administration of 10-40 mg/kg chromium compounds (Itoh & Shimada, 1998; Knudsen, 1980) . The findings reported in Knudsen (1980) appear equivocal as significant effects were reported following three days of i.p. exposure to 10 mg/kg potassium chromate, but not 20 mg/kg. For the reasons cited above, the relevance of gene mutations in these i.p. studies for oral exposure to Cr(VI) is uncertain. These mutations might have resulted from oxidative stress, as we have shown that doses of !10 mg/kg Cr(VI) achieved by oral exposure in drinking water for 90 days results in significant decreases in the plasma GSH/GSSG ratioindicating oxidative stress in the blood (Thompson et al., 2011b) . Thus, i.p. administration of such doses is likely to result in acute oxidative stress. In this regard, Bagchi et al. (2002) have reported that gavage doses of !19 mg/kg sodium dichromate increase DNA fragmentation in liver and brain samples by a mechanism that the authors concluded involved oxidative DNA damage. Similar conclusions were drawn from gavage studies in rats (Table 2) (Bagchi et al., 1995a (Bagchi et al., ,b, 1997 .
Other studies have reported DNA damage following oral exposure to Cr(VI) (Coogan et al., 1991; Dana Devi et al., 2001; Sarkar et al., 1993) . Coogan et al. (1991) reported that exposure to 100 and 200 ppm (i.e. 100-200 mg/l) potassium chromate in drinking water for three weeks increased DNA-protein cross-links (DPX) in liver tissue but not splenic lymphocytes. The DPX was not quantified, but rather demonstrated qualitatively by electrophoresis. Notably, Coogan et al. (1991) were unable to demonstrate DPX in the liver using the more standard alkaline elution method, but did report increases in liver DPX by this method following i.p. administration of 50 mg/kg potassium chromate, which is consistent with previous studies (Cupo & Wetterhahn, 1985; Tsapakos et al., 1981) . Although i.p. injections of Cr(VI) indicate a potential for chromium to bind DNA in vivo, the exposure route bypasses normal pharmacokinetic barriers to Cr(VI) exposure. Notably, the 100-200 ppm potassium chromate exposure employed by Coogan et al. far exceeds the 0.005 ppm Cr(VI) concentrations in typical US drinking water. It should also be pointed out that exposure up to 182 ppm Cr(VI) for two years did not result in liver tumors in mice or rats (NTP, 2008b) , which calls into question the relevance of the DPX reported by Coogan et al. following oral exposure. Sarkar et al. (1993) administered 20 mg/kg chromium trioxide (CrO 3 ) to mice by gavage and reported a significant increase in chromosomal aberrations (CAs) in bone marrow cells. It should be noted that the LD 50 for hexavalent chromium compounds is estimated at 50 mg/kg (Katz & Salem, 1993) . It is also notable that a conservative estimate of a 0.25 ml gavage administration to a 25 g mouse implies that the concentration administered was $2000 ppm. Given the exposure scenario in this study, it is not clear how informative these findings are to the toxicity of Cr(VI) at environmentally relevant concentrations. Danadevi et al. (2001) exposed Swiss albino mice to 0.59-76 mg/kg Cr(VI) via gavage. Blood samples were collected 24 h to 2 weeks post exposure. DNA damage was then assessed by Comet assay. Significant increases in tail moment (DNA damage) were noted at all concentrations. While these results undoubtedly indicate potential genotoxicity from Cr(VI) exposure, these results could be due to either direct DNA damage or oxidative damage (as noted by Danadevi and colleagues). In addition, the toxicokinetics of Cr(VI) must be considered. While 0.59 mg/kg is a seemingly low dose, the stated 50 ml gavage volume implies a concentration of 265 mg/l.
1 Considering that 35% of this dose is Cr(VI), the concentration is $93 mg/l Cr(VI), a concentration clearly shown to induce oxidative stress and cytotoxicity in the mouse small intestine (NTP, 2007; Proctor et al., 2012; Thompson et al., 2011b) . Thus, oxidative DNA damage might have been responsible for the observed change in tail moment.
To date, very few studies have examined the genotoxicity of Cr(VI) in the small intestine, where tumors were observed in mice following chronic exposure to Cr(VI) (NTP, 2008b) . De Flora et al. (2008) exposed mice to 20 mg/l Cr(VI) for nine months and then measured DPX and 8-OHdG in the forestomach, glandular stomach and small intestine. Neither marker was increased in vivo; however, ex vivo treatment of intestinal tissues (from unexposed animals) with Cr(VI) resulted in significant levels of both markers. Similarly, Thompson et al. (2011b) did not detect any increases in oxidative DNA damage following three months of exposure to 182 mg/l Cr(VI). Given that significant decreases in intestinal GSH/GSSG ratio and significant induction of genes related to oxidative stress following Cr(VI) ingestion, the absence of 8-OHdG in De Flora et al. (2008) and Thompson et al. (2011b) might be explained by adaptation after such long exposure durations (see the section ''Application of the mode of action framework''). As will be described in greater detail in the section ''Key event 2: Villous cytotoxicity'', in vivo MN analyses in the small intestine were negative (Harris et al., 2012) .
Cr(VI) Carcinogenicity in the lung
Although this review focuses on oral exposure to Cr(VI), it is useful to briefly discuss what is known about the carcinogenicity of Cr(VI) following inhalation exposure. Occupational exposure to Cr(VI) has long been recognized to increase the risk of lung cancer among historical chromate production workers (IARC, 1990; Luippold et al., 2003; Machle & Gregorius, 1948; Park et al., 2004) . Lung tumor biopsies from chromium and nonchromium workers indicate fewer p53 point mutations in chromate workers (20% versus $50%), but greater signs of genomic instability (79% versus 15%) (Hirose et al., 2002; Kondo et al., 1997) . Tumors from chromate workers also exhibit hypermethylation and reduced expression of MLH1 (Takahashi et al., 2005) , a phenotype that is associated with genomic instability. In addition, among workers with elevated lung cancer risk, respiratory tissue irritation and inflammation were common clinical findings (Gibb et al., 2000; Miller, 1953) , suggesting that cytotoxicity and inflammation contribute to carcinogenesis. Several authors have concluded that these findings, together with the generally weak mutagenic properties of Cr(VI), suggest that Cr(VI)-induced lung tumors likely arise through nonmutagenic mechanisms as opposed to direct DNA reactivity (Holmes et al., 2008; Nickens et al., 2010) .
Animal studies also indicate a nonmutagenic MOA in the formation of lung tumors. Steinhoff et al. (1986) exposed rats to Cr(VI) via intratracheal instillation for up to 30 months. Some rats received up to 0.25 mg/kg five times per week, and other rats were administered a single weekly dose of 1.25 mg/kg. In rats exposed to a single weekly dose of 1.25 mg/kg, there were signs of chronic inflammation including the presence of alveolar macrophages, proliferation of bronchiolar epithelium and chronic inflammatory thickening of alveolar septa. These lesions were much milder in rats exposed to the same weekly dose but in five installments of 0.25 mg/kg, as well as rats receiving five installments of 0.05 or 0.01 mg/kg, or single installments of 0.5 or 0.05 mg/kg/week for 30 months. The rats that received 0.25 mg/kg five times per week did not exhibit an increase in lung tumors. In contrast, 17.5% of the rats that received a single dose of 1.25 mg/kg exhibited tumors in the lung. Steinhoff et al. (1986) concluded that concentration and irritancy/inflammation were more important in tumor formation than overall cumulative weekly dose. Similar effects were associated with lung tumors induced by calcium chromate (Steinhoff et al., 1986) . Glaser et al. (1986) conducted an inhalation study with Cr(VI) as sodium dichromate, and a chromium oxide mixture of 3Cr(VI):2Cr(III) (Cr 5 O 12 ) for 18 months followed by a 12-month observation period. In rats exposed to 25, 50 and 100 mg/m 3 dichromate, lung tumors were observed only in the 100 mg/m 3 dichromate group (16% of animals). Exposure to Cr 5 O 12 at 100 mg/m 3 increased lung tumor incidence from 0% to 6% (1/18). Glaser and colleagues (1986) characterized these findings as indicating weak carcinogenicity of Cr(VI). At study termination (12 months after the last exposure), Glaser et al. (1986) reported similar lesions as Steinhoff et al. (1986) in the rats exposed to Cr 5 O 12 , namely accumulation of macrophages in lungs, eosinophilic substances inside the alveolar lumens, focal thickened septa and fibrosis. These lesions were not observed following exposure to dichromate. However, Glaser et al. (1986) showed that the chromium lung burden in Cr 5 O 12 -treated rats was 10-fold higher than in rats exposed to 100 mg/m 3 dichromate, indicating that the less soluble Cr 5 O 12 was more slowly cleared from the lung than dichromate over the 12-month recovery period. This likely explains why Glaser et al. (1986) did not observe similar non-neoplastic histological lesions (i.e. inflammation) as Steinhoff et al. (1986) following the 12-month recovery period.
To date, a single study has examined mutations in lung tissue following exposure to Cr(VI), specifically in Big Blue mice following intratracheal administration (Cheng et al., 2000) . As was discussed for the i.p. and oral studies, it is important to consider dose when drawing conclusions from a study. Prior to determining the dose for the mutation assay, Cheng et al. (2000) found that instillation of a single dose of 6.75, 9 and 22.5 mg/kg potassium chromate was lethal in 0/3, 1/3 and 3/3 mice, respectively. Therefore, they used 6.75 mg/kg potassium chromate for the mutation assay, which is $2.4 mg/kg Cr(VI). Although this dose was not lethal, it was likely toxic given that 9 mg/kg potassium chromate was lethal in 33% of mice. Moreover, the concentration of Cr(VI) administered was extremely high. Based on the instillation volume of 25 ml, Cheng et al. (2000) instilled Cr(VI) at a concentration of 2400 mg/l (2.4 mg/kg Â 0.025 kg 7 0.000025 l). This concentration is $46 mM, which is several orders of magnitude greater than concentrations that are cytotoxic to cells in vitro. Intratracheal administration of 6.75 mg/kg increased the mutation frequency (MF) in lung by $4-fold. Cheng et al. (2000) also reported increases in lung MF at lower concentration ($3.3. mg/kg); however, fewer details were provided and 23 mM is also several orders of magnitude greater than cytotoxic concentrations in vitro. Another issue with this study is that the MF in chromiumtreated animals 4 weeks after exposure was compared to the MF in saline-treated controls at only 1 week post exposure. The lack of time-matched controls assumes that the background MF would be unaltered by the intratracheal surgery. Interestingly, Cheng et al. (2000) reported that sequencing of mutants from chromium-treated mice revealed a large increase in GC to TA transversions. Such transversions are commonly induced by reactive oxygen and nitrosative species (Klaunig & Kamendulis, 2008; Klaunig et al., 2010; Marnett, 2000) -suggesting, perhaps, that the increased MF was a result of oxidative and inflammatory processes induced by tissue damage expected from such high concentrations of Cr(VI). Given the high concentrations of Cr(VI) utilized in this study, it is difficult to conclude that any observed mutations in lung tissue were the result of a direct DNA-reactive mutagenic MOA.
Recent studies have implicated inflammation as a possible mechanism for lung tumor development. Mice exposed to 0.6 mg/ml zinc chromate via intranasal instillation either once or repeatedly (every 14 days for 64 days) exhibited clear signs of peribronchiolar, alveolar and interstitial inflammation, as well as elevated and aberrant cell proliferation in the airway lining (Beaver et al., 2009) . These effects are similar to those reported above in the cancer assays (Glaser et al., 1986; Steinhoff et al., 1986) . Beaver et al. (2009) concluded that this Cr(VI)-induced inflammation contributes to the initiation and promotion of neoplastic growth in the lung. It is well established that inflammation can induce oxidative stress and that chronic inflammation and cell proliferation both contribute to carcinogenesis. Thus, the MOA for Cr(VI)-induced lung cancer may very well be nonmutagenic.
Taken together, the in vivo lung studies indicate that Cr(VI) induces inflammatory responses in the lung, which likely contribute to the carcinogenic response. Recently, scientists at the Texas Commission on Environmental Quality developed an inhalation reference value for Cr(VI) using nonlinear/threshold modeling approaches based, in part, on evidence for biologically based thresholds (e.g. extracellular Cr(VI) reduction) in the MOA for Cr(VI)-induced lung tumors (Haney et al., 2012) .
As described in this section, there is ample evidence that Cr(VI) causes genotoxicity and can react with DNA under certain circumstances -primarily in in vitro systems and in in vivo systems under extreme exposure scenarios (e.g. nonphysiological routes and environmentally irrelevant concentrations). Although the relevance of Cr(VI) mutagenicity is debated, the carcinogenicity of Cr(VI) is not in dispute. Animals studies clearly establish that Cr(VI) can cause tumors at the portal of entry (e.g. alimentary canal and lung) (Glaser et al., 1986; NTP, 2008b; Steinhoff et al., 1986) . Notably, inhalation exposure to Cr(VI) in the US is, for the most part, a historical problem as exposure mitigation efforts in occupational settings have greatly limited inhalation exposure to Cr(VI) (Luippold et al., 2005; Pastides et al., 1994) . Moreover, oral exposure to Cr(VI) is unlikely to pose a risk for lung cancer, as oral exposure to Cr(VI) has not been reported to increase chromium lung burdens (Coogan et al., 1991; Kargacin et al., 1992) . However, low levels of Cr(VI) in both ambient air and drinking water exist due to natural and anthropogenic sources and is therefore of public health interest. For these reasons, the remainder of this review focuses on the MOA for oral exposure to Cr(VI) -specifically the MOA underlying intestinal tumors in the mouse small intestine and their relevance to humans.
Summary of the alimentary canal lesions in the NTP 2-year CR(VI) bioassays
NTP conducted 13-week and lifetime bioassays for Cr(VI) in F344 rats and B6C3F1 mice (NTP, 2007 (NTP, , 2008b . In rats, the only treatment-related tumors observed were squamous cell carcinomas of the oral mucosa (buccal and tongue regions). Tumors were only significantly elevated relative to concurrent controls at the highest treatment concentration (516 mg/l SDD), and no preneoplastic lesions were observed in any rats in the 90-day or 2-year bioassays (NTP, 2007 (NTP, , 2008b ; Stout et al., 2009a) . The study authors noted that of 21 chemicals previously shown to induce oral neoplasms, only one produced such tumors in mice (Stout et al., 2009a) -indicating a potential species susceptibility to these tumors. It should also be noted that the body weights of rats in the 516 mg/l group decreased more than 10% relative to controls, and that water intake significantly decreased !15% at the two highest doses (172 and 516 mg/l). We previously reported significant changes in the redox status in the oral mucosa of rats following 90 days of exposure, as well as clear signs of iron deficiency (Thompson et al., 2012c) . These various factors suggest diminished general and oral health in the rats; an investigation into the MOA and human relevance of these tumors is ongoing and will be the subject of a future article.
In contrast to rats, mice in the NTP studies developed treatment-related and dose-dependent tumors in the small intestine. The small intestine is comprised (proximal to distal) of the duodenum, jejunum and ileum. Each segment is lined with a single layer of epithelial cells that is renewed every few days -making the intestinal mucosa one of the most proliferative tissues in the body (Berlanga-Acosta et al., 2001) . The small intestinal epithelium is extensively folded to maximize the absorptive surface area. Anatomically, the small intestinal epithelium is comprised of crypt and villus regions. The villi are multicellular finger-like projections that extend into the intestinal lumen ( Figure 1A and B); inside each villus is a capillary and lymphatic vessels ( Figure 1A ). The crypts (also called glands of Lieberkühn) are invaginations of the epithelial surface at the base of the villi. Inside the crypts are actively dividing progenitor cells that differentiate into secretory (goblet cells), absorptive cells (enterocytes) and other cell types (e.g. Paneth cells) (Neal et al., 2011; Potten et al., 1997) . Cell proliferation begins in the base of the intestinal crypts within a population of progenitor cells. Epithelial cells differentiate (mature) as they migrate toward the tips of the villi ( Figure 1A ). The cell cycle for intestinal enterocytes is 10-17 h in rodents and $24 h in humans, and there is complete replacement of the entire epithelium within 2-3 days in rodents and 3-6 days in humans (Greaves, 2007) . Upon migration from the crypt, cells differentiate and express proteins involved in nutrient absorption -which occurs primarily in the duodenum and proximal jejunum (DeSesso and Jacobson, 2001) . At the tips of the villi, cells slough into the lumen and/or undergo apoptosis. Importantly, the absorptive villous enterocytes do not have proliferative potential, and thus it is unlikely that tumors originate in these cells (Barker et al., 2009; Potten & Loeffler, 1990) .
Findings from the NTP 2-year bioassay relevant to the small intestine are summarized in Table 3 . Similar effects were observed in the small intestines of both male and female mice (Supplementary Figure 2) ; therefore, for brevity only the results for females are summarized herein. In female mice, the incidence of diffuse hyperplasia was significantly increased in all treatment groups in a dose-dependent manner and was characterized by short, broad and blunt villi and by elongated crypts that contained increased numbers of epithelial cells and mitotic figures (NTP, 2008b) . These lesions were not observed in female or male rats. The NTP study authors considered the lesions in mice to be ''consistent with regenerative hyperplasia secondary to previous epithelial cell injury'' (NTP, 2008b).
The incidence of adenomas and carcinomas was statistically elevated relative to concurrent controls in the duodenum of female mice at !172 mg/l and 516 mg/l SDD, respectively. In the female mouse jejunum, diffuse hyperplasia and adenomas were significantly elevated relative to concurrent controls at 516 mg/l SDD. The overall combined incidence of intestinal tumors in female mice was significantly elevated relative to concurrent controls at !172 mg/l SDD (Table 3) . Adenomas and carcinomas were not elevated in the small intestine in either male or female rats (NTP, 2008b) .
Although the onset of occult tumors is not readily observable, such tumors would likely have caused significant problems (e.g. intestinal blockage) if they had developed early in life, and thus might be expected to have increased mortality. Early tumors might also have metastasized to other organs and thus increased mortality. With the exception of a dose-dependent decrease in water intake that was attributed to unpalatability, the NTP authors characterized the exposure to Cr(VI) as well tolerated (NTP, 2008b) ; thus gastrointestinal problems such as bleeding or malnourishment were not observed and suggest late onset tumor development. The first intestinal neoplasm was observed at day 451; and although nine mice died prior to day 451, none of the seven that were in treatment groups were found to have intestinal tumors (NTP, 2008b) . Thus, the relatively late tumor onset, absence of tumors beyond the portal of entry and absence of mortality are seemingly inconsistent with a highly mutagenic compound.
Application of the mode of action framework US EPA (2005a) defines MOA as ''a sequence of key events and processes, starting with interaction of an agent with a cell, proceeding through operational and anatomical changes, and resulting in cancer formation''. EPA defines a key event as ''an empirically observable and quantifiable precursor step yResults for male mice are not shown (but were similar to female mice). zHistiocytic infiltration was the only histopathological response reported in female (shown) and male (not shown) rat duodenum. ôNo lesions were reported in the female or male rat jejunum. xNo intestinal tumors were observed in female or male rats. kExceeded historical control ranges for all routes of exposure. #Exceeded historical control range for drinking water studies. *p 0.05, **p 0.01 or ***p 0.001 compared to concurrent control by poly-3 test; tumors and hyperplasia in mice were significant for trend. Source: Detailed results and statistical analyses can be found in NTP (2008b) and Stout et al. (2009a) .
that is itself a necessary element of the mode of action or is a biologically based marker for such an element''. The EPA MOA Framework, like those proposed by the other scientists and organizations (Boobis et al., 2006 (Boobis et al., , 2008 Meek & Klaunig, 2010; Sonich-Mullin et al., 2001) , stresses that the MOA for each tumor site should be evaluated separately. Moreover, toxicology data should ideally be evaluated (or generated if absent) in the target tissues of interest. Therefore, the MOA described below focuses on data obtained from the duodenal and jejunal intestinal mucosae of mice.
Summary of the key events in the MOA for intestinal tumors
The histological, biochemical, toxicogenomic and pharmacokinetic data collected as part of our MOA studies were evaluated along with other relevant data in the published literature using the MOA and human relevance frameworks developed by the US EPA and other organizations. Based on this assessment, we conclude that the overall WOE supports a cytotoxic nonmutagenic MOA with the key events shown in Figure 2 : Key event 1: Absorption of Cr(VI) from the intestinal lumen; Key event 2: Villous cytotoxicity; Key event 3: Sustained compensatory crypt hyperplasia to repair/replace the damaged intestinal mucosa; and Key event 4: Mutagenesis within crypt cells, ultimately leading to tumorigenesis. Each of these key events, and supporting data, are summarized in the following sections.
Key event 1: Absorption from the lumen
In most physiological conditions, Cr(VI) exists primarily as chromate anions (CrO 2À 4 ) that are structurally similar to sulfate (SO 2À 4 ) and phosphate (PO 2À 4 ), and therefore, enter cells through anion transporters (De Flora, 2000; Markovich, 2001; Salnikow & Zhitkovich, 2008; Zhitkovich, 2005) . Cr(III) is not structurally similar to sulfate and phosphate and thus enters cells more passively. Extracellular reduction of Cr(VI) to Cr(III) prevents cellular absorption through these transporters and is a well-recognized kinetic process that limits toxicity (De Flora, 2000; De Flora et al., 1997; Donaldson & Barreras, 1966; Febel et al., 2001; Kerger et al., 1996; US EPA, 1998) . The stoichiometry of Cr(VI) reduction to Cr(III) in the lumen of the stomach and small intestine is not fully known, but reduction capacity varies depending on stomach conditions including pH and whether in a fed or fasted state (De Flora et al. 1987; Proctor et al. 2012) . Cr(VI) that escapes reduction in the stomach will be transported to the small intestine and taken up into intestinal enterocytes, or transited along the lumen of the gastrointestinal tract where it can be reduced by microbiota (Shrivastava et al., 2003) and intestinal secretions such as cysteine (Dahm & Jones, 2000) , and excreted in feces. Following Cr(VI) administration in drinking water, pharmacokinetic data indicate low chromium tissue burdens in the ileum, higher levels in the jejunum and still higher levels in the duodenum ( Figure 3A ), likely demonstrating that Cr(VI) absorption decreases distally through the small intestine due to (1) reduction of Cr(VI) to Cr(III) in the intestinal lumen, and/ or (2) differences in the relative absorption of chromium in the intestinal segments (Kirman et al., 2012; Thompson et al., 2011b) . Consistent with these data, tissue damage and tumor formation are increased mostly in the duodenum, only slightly in the jejunum and not increased in the ileum or large intestine (NTP, 2007 (NTP, , 2008b .
In vivo and ex vivo pharmacokinetic data collected in the alimentary tract of mice provide evidence that the carcinogenic doses in the NTP study deplete the reductive capacity of the mouse gastric contents (Proctor et al., 2012; Thompson et al., 2011b) . Cr(VI) cannot be speciated in tissues; therefore, only the total chromium concentration in tissues can be measured. However, because Cr(VI) is much better absorbed than Cr(III), a significant increase in tissue total chromium concentrations suggests that extracellular reducing capacity was exceeded and that higher concentrations of Cr(VI) are available for absorption. After 90 days of exposure to Cr(VI) in drinking water, duodenal chromium levels were not significantly increased at the two lowest treatment doses ( Figure 3A ). At these doses, the physiologically based pharmacokinetic (PBPK) model developed for chromium in mice (Kirman et al., 2012) predicts that the amount of reducing equivalents (lumped concentration of reducing agents) in the gastrointestinal lumen of mice is relatively unchanged compared to controls ( Figure 3B ). In contrast, exposure to the three highest doses of Cr(VI) in drinking water, which were carcinogenic in the NTP 2-year bioassay (NTP, 2008b) , resulted in a significant increase in duodenal total Cr tissue concentrations from 50.02 mg/g (controls) to 34, 42 and 61 mg/g, respectively ( Figure 3A and B) . At the three highest doses administered to mice, the PBPK model (Kirman et al., 2012) predicts that Cr(VI) exposure produces a substantial depletion in the reducing equivalents present in the gastrointestinal lumen ( Figure 3B ). DOI: 10.3109/10408444.2013.768596 Many researchers have advocated the use of toxicogenomic data for application in risk assessment (Thomas et al., 2007; US EPA, 2009; Wilson et al., 2011) . One of the key assumptions is that omics changes will provide more sensitive end points for detecting toxicity. We have previously reported that the total number of gene changes observed in each treatment group at day 91 correlated well with tissue dose. Specifically, the number of transcripts significantly altered AE1.5-fold at 14 mg/l SDD were each 76 genes, whereas at !60 mg/l more than 1800 genes were altered in each group (Kopec et al., 2012a) . Although the total number of transcript changes represents only a cursory assessment of the effect of Cr(VI) on the transcriptome, the changes may serve as a biomarker of both exposure and effect. In this regard, the total number of gene changes generally corresponded with pharmacokinetic evidence of tissue chromium and histopathological evidence of lesions, mostly at !60 mg/l Cr(VI). Notably, the median EC 50 for significant gene changes in the duodenum at day 91 was 39 mg/l SDD (Kopec et al., 2012a) . These findings are consistent with other reports demonstrating that changes in the transcriptome are only slightly more sensitive than frank adverse effects (Thomas et al., 2011) .
As discussed in the following section, histopathological lesions in our 90-day study were only observed in the mouse duodenum at doses that depleted reducing equivalents. Because these lesions are thought to be key events that precede tumor formation in the MOA, small amounts of Cr(VI) that enter intestinal villi at low concentrations (i.e. below those producing cytotoxicity) are likely inconsequential. A PBPK model capable of accounting for the competing kinetic rates in humans has been developed (Kirman et al., accepted) and will be useful for estimating the concentration of Cr(VI) that would be safe for humans.
Key event 2: Villous cytotoxicity
The non-neoplastic lesions observed in the mouse small intestine following Cr(VI) exposure were characterized by the NTP study authors as being secondary to previous epithelial cell injury (NTP, 2008b) . The villi of treated animals were short, broad and blunt relative to unexposed animals (NTP, 2007 (NTP, , 2008b . Such effects are a nonspecific response to various types of injuries, and can be associated with either hyperproliferation or hypoproliferation of crypt enterocytes (Greaves, 2007; Serra & Jani, 2006) . Chemicals that are cytotoxic to cells of the villi can stimulate crypt proliferation to repair the damaged mucosa. Alternatively, chemicals that are toxic to crypt cells can also cause blunting of villi due to hypoproliferation in the crypt and inability to replenish the mucosa. Because cytotoxicity can result from genotoxic and nongenotoxic effects, and the intestinal stem cells reside in the crypt, it is critical to determine (a) whether toxicity is originating in the crypt or villus, (b) whether there is any evidence of cytogenetic damage in the crypts and (c) whether there is evidence for mechanisms associated with intestinal carcinogenesis such as oxidative stress and inflammation. Each of these issues are discussed in the following subsections, and as a whole, indicate that Cr(VI) induces toxicity in the nonproliferating, nonpluripotent cells of the intestinal villus.
Histological evidence of cytotoxicity. The term ''diffuse hyperplasia'' used in the NTP studies includes the blunting effects on the villi, as well as elongation of the crypts (see Plate 21 in NTP, 2008b). This terminology was not used in Thompson et al. (2011b) ; instead, villus damage and crypt hyperplasia were noted separately, which provides more resolution with respect to the location of intestinal lesions. As shown in Table 4 , cytoplasmic vacuolization in the duodenal villi was the most sensitive end point -occurring at 170 and 60 mg/l SDD at days 8 and 91, respectively; while atrophy of the villi and crypt hyperplasia were first evident at higher concentrations (i.e. 520 and 170 mg/l on days 8 and 91, respectively). Examples of duodenal tissue damage are shown in Figure 4A and B. Vacuolization can be indicative of many cellular effects such as altered lipid metabolism, sequestration of absorbed material, autophagy, endoplasmic reticulum (ER) stress or proteasome dysfunction (Franco & Cidlowski, 2009; Henics & Wheatley, 1999; Mimnaugh et al., 2006) . Although the exact cause of the SDD-induced vacuolization is unclear, vacuolization is often regarded as a sign of cytotoxicity (Henics & Wheatley, 1999; Mimnaugh et al., 2006) .
The presence of cytoplasmic vacuolization in villi at lower concentrations than crypt hyperplasia suggests a mechanism whereby toxicity originates at the point of contact (i.e. villi) and subsequently triggers compensatory cell proliferation of crypt enterocytes. Area measurements (Figure 4C ) of the crypts of the mouse duodenum at day 8 increased $45% at !170 mg/l SDD. At day 91, the crypt area increased $45% at 60 mg/l, and significantly increased !2-fold of control at ! 170 mg/l ( Figure 4D) . Consistent with the increase in crypt area, the ratio of the villus to crypt area decreased at !170 mg/l SDD ( Figure 4E ). If SDD were toxic to crypt Day 8 Table 5 , and (H) fold change in Ki67 expression at days 8 and 91 of exposure (dotted line represents 1.5-fold). DOI: 10.3109/10408444.2013.768596 enterocytes, then one would expect a dose-dependent decrease in crypt area under a chronic exposure scenario. In fact, the number of enterocytes per crypt increased significantly in mice exposed to !170 mg/l SDD ( Figure 4F and G) . Despite the increase in the number of crypt enterocytes, the intestinal villi were damaged and blunted -implying that the increased supply of crypt enterocytes was not sufficient to maintain the normal length and structure of healthy duodenal villi. Hence, the alterations to the villi were not the result of toxicity to crypt enterocytes.
As further evidence that the cytotoxicity of SDD is limited to the intestinal villi, the number of mitotic and apoptotic cells were counted in fully intact crypts in order to compute both a mitotic index (MI) and apoptotic index (AI). As shown in Table 5 , there were no significant or dose-dependent effects on either end points -suggesting that Cr(VI) did not cause cell cycle arrest or increases in the percentage of crypt enterocytes undergoing programmed cell death (Harris et al., 2012) . MI results are further discussed in the section ''Key event 3: Crypt cell proliferation'' as they relate to cell proliferation.
Assessment of cytogenetic damage in crypts. Data summarized in the previous section indicate that Cr(VI)-induced damage to the intestinal mucosa originates in the villus. However, because Cr(VI) can be genotoxic (see the section ''Brief review of CR(VI) genotoxicity and carcinogenicity''), crypt enterocytes were also examined for aberrant nuclei such as karyorrhectic nuclei and MN. The former indicates a type of cell death that can be either a result of programmed death or necrosis (Kumar et al., 2005) , while the latter can arise from either DNA breakage or chromosomal disjunction (Fenech et al., 2011; Vanhauwaert et al., 2001 ). There were no treatment-related effects on the number of karyorrhectic nuclei or MN in duodenal crypts of exposed mice (Table 5) . MN were also counted in three entire tissue sections, regardless of whether the crypts were fully intact. This analysis has the advantage of increasing the overall amount of crypt tissue that was analyzed for aberrant nuclei. There were no treatment-related increases in MN or karyorrhectic nuclei in crypts across any of the tissue sections examined in animals exposed to Cr(VI) for 7 or 90 days (Table 6 ). These findings are consistent with previous data that Cr(VI) did not affect the levels of DPX in mouse duodenum (De Flora et al., 2008) .
In contrast to crypts, both forms of aberrant nuclei were observed in villi (Table 6 ). Specifically, karyorrhectic nuclei were significantly increased in duodenal villi at !60 mg/l SDD at day 91 and primarily occurred in the tips, whereas MN were statistically increased in villi at !170 mg/l (Table 6 ). The concentrations where aberrant nuclei were observed in duodenal villi correspond to the concentrations where villous damage was observed (Table 4) . Importantly, we considered whether it was possible that the MN present in the villi were the result of MN formation within the crypt. Given that our analyses revealed no MN within the proliferative crypt compartment, it seems highly implausible that MN present in the nonproliferating villous compartment originated within the crypts -especially under the chronic exposure scenario. Instead, these nuclear aberrations are likely the result of cytotoxic mechanisms. Notably, we found no previous studies in the small intestine that have examined villi for MN. We also note that several in vivo MN studies have been conducted in the colon (Morita et al., 2011) , which has crypts but no villus counterpart. These studies report on MN in the crypts, but not in the mature differentiated epithelium Celik et al., 2005; mg/l SDD. There were no statistically significant differences between treatment and control groups (ANOVA followed by Dunnett's test). yMI ¼ total mitotic nuclei 7 total nuclei (in 10 crypts). Data are Mean þ/À SD zAI ¼ total apoptotic nuclei 7 total nuclei (in 10 crypts) Data are Mean þ/À SD. ôTotal number of cells evaluated (10 crypts per animal; n ¼ 5 animals per treatment group). xn ¼ 4 animals. Le Hegarat et al., 2006; Percy et al., 1989; Ronen & Heddle, 1984; Vanhauwaert et al., 2001) . Given that the average cell turnover time is similar in the small and large intestines (Rizk & Barker, 2012) , there is no reason to believe that the villus is necessary to assess chemical-induced genotoxicity in the crypt. Also, we conducted two different analyses, an intact crypt analysis and an analysis of three entire slides per animal. This latter method greatly increases the number of crypt enterocytes analyzed, but no Cr(VI)-induced MN were observed. Finally, we note that it has been previously demonstrated that nuclear aberrations (e.g. MN) can be induced in colonic crypts following g-irradiation and treatment with the mitotic inhibitor colchicine . Under the conditions in their study, colchicine increased the MI greatly and aberrant nuclei slightly -both due to spindle poisoning. However, colchicine treatment following irradiation greatly increased the number of aberrant nuclei observed (relative to expected), leading Duncan et al. (1985) to conclude that mitosis is not required for all crypt nuclear anomalies and further suggested that some putative crypt MN were more likely ''manifestations of the apoptotic process''. Taken together, the absence of crypt MN and presence of a small number of villous MN at the highest Cr(VI) treatment concentrations imply that the latter were most likely a manifestation of a dose-dependent increase in villous cytotoxicity. Overall, the data support that toxicity to the villi caused the regenerative response in the crypt in the absence of any direct genotoxicity or cytotoxicity in the crypt compartment (see the section ''Key event 3: Crypt cell proliferation'').
Oxidative stress. Cr(VI) that is not reduced in the intestinal lumen can be absorbed by villous enterocytes and reduced to Cr(III) intracellularly. As discussed in the section ''Brief review of Cr(VI) genotoxicity and carcinogenicity'', the chemistry and biochemistry of Cr(VI) reduction imply that Cr(VI) can alter the redox status of enterocytes through the generation of ROS and/or through cytotoxicity. Cr(VI) significantly decreased the GSH/GSSG ratio, a key indicator of cellular redox status (Meister & Anderson, 1983; MoriartyCraige & Jones, 2004; Schafer & Buettner, 2001) , in the mouse small intestine in a time-dependent and concentrationdependent manner (Figure 5A and B; (Thompson et al., 2011b) . Despite the change in redox status, the duodenum appeared to synthesize GSH as evidenced by dose-dependent increases in duodenal GSH levels (Thompson et al., 2011b) . The increase in GSH was accompanied by significant increases in expression of genes involved in GSH synthesis. As described in Kopec et al. (2012a) , Nrf2 oxidative stress signaling and GSH metabolism were among the top five enriched canonical pathways at the lowest treatment concentrations at day 8. Transcription factor analysis in IPA also indicated activation of Nrf2 signaling pathways at !170 mg/l SDD day 91 (Kopec et al., 2012b) . As shown in Figure 5 (A) and (B), Gsr, Gpx1 and Gpx2 were increased significantly in the higher treatment groups. These data suggest that oxidative stress in response to Cr(VI) was initiated early (by day 8) and continued to increase by day 90 -implying that the mice exposed to Cr(VI) in the 2-year NTP bioassay (NTP, 2008b) experienced increased intestinal oxidative stress nearly their entire lifespan. Intestinal mucosal health is influenced by redox status (Circu & Aw, 2011; John et al., 2011) , and there is evidence that the intestinal mucosa regulates luminal redox status by secretion of thiols such as cysteine (Dahm & Jones, 2000; Hagen et al., 1990) . Chemical-mediated inhibition of GSH synthesis has been shown to cause a decrease in intestinal epithelial cell height, desquamation of microvilli, swelling of mitochondria and vacuolization in the tips of jejunal villi -all of which could be mitigated by GSH supplementation (Martensson et al., 1990) . These lesions are similar to those induced by Cr(VI). Although Cr(VI) caused a dose-dependent increase in duodenal GSH levels after 7 and 90 days of exposure, the GSH/GSSG ratio was nonetheless significantly decreased (Thompson et al., 2011b) . It seems highly likely that Cr(VI)-induced changes in oxidative status contribute to cytotoxicity in the intestinal villi.
Despite clear signs of oxidative stress, we did not detect significant changes in 8-OHdG in the duodena of mice exposed to Cr(VI) for up to 90 days (Thompson et al., 2011b) . These findings are consistent with those of De Flora et al. (2008) who exposed mice to 20 mg/l Cr(VI) for up to 9 months. The apparent lack of 8-OHdG induction in both studies might be explained by upregulation of DNA repair genes or general oxidative stress responses. Cr(VI) increased the expression of genes involved in BER at day 8 (and less so at day 91) ( Figure 5C ). Significant enrichment of canonical pathways related to DNA repair was not observed at day 91; however, there was enrichment for pathways related to BRCA1 and MMR at 520 mg/l SDD at day 8, as well as enrichment for pathways related to NER at !170 mg/l (Kopec et al., 2012a) . Both BER and NER pathways repair oxidative DNA damage (Go & Jones, 2010; Klaunig et al., 2010; Sedelnikova et al., 2010) .
Inflammation. Oxidative stress and inflammation are typically linked physiologically. For example, oxidative stress leads to activation of nuclear factor-kB (NF-kB) and subsequent downstream pathways resulting in the release of cytokines; this is well documented in the scientific literature for airway inflammation, intestinal inflammation and certain cancers (Kruidenier & Verspaget, 2002; Rahman & MacNee, 2000; Roberts et al., 2009) . Increases in histiocytic infiltration of macrophages in the duodena of rats and mice were observed in the 90-day and 2-year NTP studies (NTP, 2007 (NTP, , 2008b , as well as in subsequent 90-day studies (Thompson et al., 2011b (Thompson et al., , 2012c ; however, clear signs of chronic inflammation were not apparent in these studies. Although histiocytic infiltration can be associated with mild/chronic inflammation, its meaning is unclear. In fact, the NTP study authors concluded that the biological significance of histiocytic infiltration was uncertain (NTP, 2008b) . Thompson et al. (2011b Thompson et al. ( , 2012c ) measured changes in $20 cytokines and chemokines in both serum and duodenal mucosa of both mice and rats following 90 days of exposure to Cr(VI). In the serum, there were no clear treatment-related effects in mice, whereas IP-10 and IL-12(p70) were decreased in rats (Supplementary Table 1 ). In the duodenum, several cytokines were significantly decreased in treated mice relative to untreated mice. TNFa and IL-1b both showed clear dosedependent decreases following 90 days of exposure (Thompson et al., 2011b) . These decreases were supported by toxicogenomic analyses, which showed decreased transcript levels for TNFa and IL-1b at ! 60 mg/l SDD (Kopec et al., 2012a) . Other cytokines reduced were IL-7, 9, 12, 13, 17, IFNg, and RANTES (Supplementary Table 1 ). In rats, only IL-1a was clearly altered by SDD, and was increased at !60 mg/l. Broadly, the cytokine data support a pro-inflammatory response in rats and a decrease in cytokines and chemokine production in mice. Inflammatory responses intentionally increase ROS production in order to fight infections. Nrf2 signaling can inhibit inflammatory responses (Jung & Kwak, 2010; Kim et al., 2010) , perhaps as feedback control to limit oxidative damage to the host. For example, in a dextran sulfate sodium (DSS) model for induced colitis, Nrf2 null mice demonstrated increased inflammation (viz. TNFa and IL-1b), increased oxidative stress and increased colonic mucosal injury -suggesting an important role for Nrf2 in protecting against inflammation-induced tumorigenesis (Osburn et al., 2007) . Indeed, Nrf2 regulation of inflammation is mediated by increasing heme oxygenase-1 (HO-1) expression (Jung & Kwak, 2010; Kim et al., 2010) , and HO-1 transcript levels were increased following Cr(VI) exposure (Kopec et al., 2012a) . HO-1 catabolizes heme to iron, biliverdin and bilirubin -the latter two of which have antiinflammatory properties (Whittle & Varga, 2010; Zhu et al., 2011) . In vitro studies have also shown that Cr(VI) increases HO-1 mRNA levels, as well as inhibits NF-kB mediated cytokine signaling (Joseph et al., 2008; Shumilla et al., 1999) . Thus, the activation of Nrf2 signaling in response to Cr(VI)-induced oxidative stress might also inhibit inflammatory signaling due to suppression of TNFa and IL-1b.
Key event 3: Crypt cell proliferation
Chronic cell proliferation is a well-known risk factor for carcinogenesis (Ames et al., 1993; Boobis et al., 2009; Cohen, 2010; Gaylor, 2005) . Diffuse hyperplasia occurred in the duodenum of mice at all SDD concentrations examined in the 2-year bioassay, while there was no evidence of diffuse hyperplasia in the rat duodenum at any dose level (NTP, 2008b) . The same pattern was observed in the NTP 90-day study (NTP, 2007) . The two 90-day drinking water studies conducted by Thompson et al. (2011b Thompson et al. ( , 2012c included evaluations at both day 8 and day 91 of exposure. At day 8, duodenal crypt cell hyperplasia was present in 3 of 5 mice exposed to 520 mg/l SDD (Table 4 ; Thompson et al. 2011b) . Consistent with the increase in crypt proliferation, Myc expression was increased greater than 4-fold at 520 mg/l at day 8 (Kopec et al., 2012a) . By day 91, crypt hyperplasia was present in almost all animals at !170 mg/l SDD (Table 4) . Although Myc itself was not significantly increased, transcription factor analysis indicated increased MYC signaling (based on expression patterns of Myc downstream targets) at !60 mg/l SDD (Kopec et al., 2012b) . In addition, transcript levels of Ki67, a common marker of crypt cell proliferation (Itzkovitz et al., 2012; Potten et al., 1997) , were significantly elevated at !170 mg/l SDD at both day 8 and day 91 ( Figure 4H ). Together, these data suggest that Cr(VI) increased crypt hyperplasia as early as one week of exposure to very high concentrations in drinking water.
Other authors have suggested a sequence of key events whereby Cr(VI)-induced hyperplasia occurs subsequent to DNA mutation (McCarroll et al., 2010) . This alternative MOA will be addressed in the section ''Alternative MOAs''; however, a strict interpretation of MOA analysis would imply that under the MOA proposed by McCarroll et al. (2010) preventing DNA mutation would prevent cell proliferation. In this regard, it has long been recognized that inactivating mutations in adenomatous polyposis coli (Apc) results in uncontrolled cell proliferation and intestinal adenoma formation through constitutive activation of Wnt/b-catenin signaling pathway (Rizk & Barker, 2012; Takahashi-Yanaga & Sasaguri, 2007) . Given the clear evidence of crypt hyperplasia as early as day 8 of exposure, and the high incidence of hyperplasia by day 90, alterations in Apc might be expected. However, the toxicogenomic data collected in mice exposed to Cr(VI) for up to 90 days did not indicate changes in Apc expression that might result from genetic or epigenetic silencing of the Apc gene (Kopec et al., 2012a,b) . Likewise, there was no increase in b-catenin (Ctnnb1) expression level or indication of Ctnnb1 activation by transcription factor analysis that is expected by loss of APC; nor was there functional enrichment of Wnt/b-catenin signaling pathways. Importantly, animal models have shown that loss of APC leads to rapid onset of adenomas in both the small and large intestines of mice (Barker et al., 2009; Luongo et al., 1994; Rizk & Barker, 2012; Shibata et al., 1997; Su et al., 1992) . Thus, the absence of Wnt-signaling/b-catenin activity or preneoplastic lesions in the small intestine of mice exposed to Cr(VI) in drinking water indicate that crypt hyperplasia is not likely the result of early genetic or epigenetic changes related to APC. These findings do not preclude the eventual involvement of APC loss and consequent increase in Wnt/b-catenin signaling in the development of Cr(VI)-induced intestinal tumors that might result from gradual accumulation of mutations as a consequence of chronic intestinal injury.
As noted previously, Cr(VI) had no effect on the MI in the crypt cells. A decrease in MI can indicate cytotoxicity or perhaps cytostasis. An increase in MI can indicate a decrease in cell cycle time, or increase in mitosis time (perhaps indicating toxicity). As was discussed above, the total number of crypt cells increased without a change in the MI. These findings along with the absence of change in AI in crypts suggest that the normal balance between cell birth and death was unaltered. This increase in crypt proliferation without change in MI is not unique (Snow & Altmann, 1983; Sunter et al., 1978) . As posited by Snow & Altmann (1983) , an increase in crypt cells without change in MI can be explained by either an increase in the number of crypt basal stem cells or an increase in the number of divisions an upper crypt cell (sometimes referred to as a transit-amplifying cell) undergoes prior to differentiation. One recent study has reported that the number of intestinal stem cells (in the crypt base) can increase through self-renewal following calorie restriction (Yilmaz et al., 2012) .
2 Apparently, the surrounding Paneth cells, unlike the stem cells, sense caloric restriction and stimulate proliferation in nearby stem cells. Yilmaz et al. (2012) posited that the preference for stem cell renewal over more differentiated cells may provide for more rapid mucosal regeneration when food becomes available. These findings imply that damage to crypt cells is not a prerequisite for stem cell renewal. In theory, chronic wounding to villi might also increase signals that stimulate basal stem cell renewal.
Interestingly, Lgr5 has received much attention as a putative biomarker for the intestinal basal stem cell (Barker et al., 2009; Rizk & Barker, 2012; Yan et al., 2012) . One recent study showed that g-irradiation significantly ablated Lgr5-positive basal cells in the small intestine, but increased a population of quiescent Bmi1-positive stem cells (Yan et al., 2012) . We did not detect any significant (!1.5-fold) decreases in Lgr5 at day 8, but did detect a significant 1.8-fold increase at 520 mg/l SDD (the only concentrations associated with crypt hyperplasia at day 8). At day 91, we did not detect any significant AE1.5-fold changes in Lgr5; nor did we detect any significant changes in Bmi1 at day 8 or day 91. Whether whole genome microarray analysis is sensitive enough to reliably detect these changes in intestinal tissue remains to be determined, but the results suggest that Cr(VI) did not ablate Lgr5-positive basal stem cells or stimulate an increase in Bmi1-positive stem cells. Importantly, g-irradiation studies also induce MN in crypt enterocytes Goldberg et al., 1983; Ronen & Heddle, 1984) . As discussed previously, the absence of MN in the crypts of mice exposed to Cr(VI) suggests that the proliferative response is not initiated by direct damage to crypt stem cells.
Finally, in addition to diffuse hyperplasia, NTP also reported the incidence of focal hyperplasia, which they considered a preneoplastic lesion (NTP, 2008b) . Focal hyperplasia was observed in the duodena of a few mice, although the incidence was not statistically different from controls and was not observed in any female mice in the 520 mg/l SDD treatment group (Table 3) . Notably, focal hyperplasia was not observed in any animals in the 90-day drinking water studies (NTP, 2007; Thompson et al., 2011b Thompson et al., , 2012c ; altogether, 260 rodents were exposed to !60 mg/l SDD, yet focal hyperplasia (or other preneoplastic lesions) was not observed. The presence of diffuse hyperplasia without focal hyperplasia is consistent with proliferation that is secondary to mucosal injury.
Key event 4: Crypt cell mutagenesis
According to US EPA's Framework for Determining a Mutagenic Mode of Action (US EPA, 2007), target tissue mutation data provide the strongest evidence for a mutagenic MOA. To assess the potential for Cr(VI) to induce mutations in the small intestine following oral exposure to Cr(VI), we measured Kras codon 12 GAT MF in the duodenal epithelium of mice exposed to Cr(VI) for 90 days (O'Brien et al., 2012) . Kras was selected because it is often mutated early in human intestinal tumors (Wicki et al., 2010) , and codon 12 GGT to GAT mutation is one of the most commonly reported mutations in human duodenal tumors (Nishiyama et al., 2002; Sutter et al., 1996; Wicki et al., 2010; Younes et al., 1997) , and accounts for 12.6% of colon tumors in the COSMIC database (Forbes et al., 2010) . In addition, Kras mutation has been shown to contribute to small intestine tumorigenesis in mice (Castellano & Santos, 2011) . Other mutations to consider 2 These increases were on the order of 1.5-to 2-fold. DOI: 10.3109/10408444.2013.768596 include p53 and Apc. As discussed previously, toxicogenomic data from mice exposed to Cr(VI) for 90 days did not indicate changes in Apc or b-catenin. Mutations in p53 occur relatively late in tumorigenesis (Velho & Haigis, 2011) , and thus p53 is not an ideal early somatic mutation target.
Importantly, although Kras is a single oncogene, several studies show that Kras codon 12 GAT mutation is amplified during carcinogenesis, even when the mutational specificity of the mutagen is other than the G to A mutation being measured. Significant and early dose-related increases in Kras codon 12 GAT mutation were observed in rodent tissues treated with chemicals expected to induce G to T mutation, specifically benzo[a]pyrene (BaP) and ethylene oxide. For example, an accumulation of Kras codon 12 GAT mutations was observed in the mouse lung following i.p. administration of BaP (Meng et al., 2010b) . This study also found that Kras codon 12 GAT MF was positively correlated with BaP-DNA adduct formation. In mice, inhalation exposure to ethylene oxide for four weeks induced both codon 12 GAT and GTT mutations in their lungs, but Kras codon 12 GAT mutation was the most sensitive end point, more sensitive than the codon 12 GTT mutation which was expected to occur as a consequence of oxidative stress (Parsons et al., 2012) . These results suggest that Kras codon 12 GAT MF represents a functional reporter (i.e. reporter of tumor initiation and/or progression) which is amplified with mutational loading that is not necessarily specific to a chemically induced DNA lesion of Kras codon 12 (Meng et al., 2010a; Parsons et al., 2010 Parsons et al., , 2012 .
As standard sequencing techniques are not sufficiently sensitive to measure early mutations in preneoplastic tissue, allele-specific competitive blocker (ACB) PCR analysis was used to measure MF in scraped duodenal epithelium with an increased MF detection at very low levels ($10 À6 ) (O'Brien et al., 2012) . No treatment-related effect on Kras codon 12 GAT MF was observed even at the high Cr(VI) doses that were carcinogenic in the 2-year bioassay and that increased crypt proliferation after 7 or 90 days of exposure ( Figure 6A ). Although Kras Codon 12 GAT is a single mutation in a single oncogene, DNA mutations in other oncogenes, if they occurred with Cr(VI) exposure, may be expected to amplify Kras mutations and be detected in the ACB-PCR assay. Moreover, the increase in crypt cells ( Figure 4F ), if preceded/ induced by mutations, would likely increase the number of target Kras mutations thereby ensuring detection if present.
Changes in the DNA sequence are not readily detected by transcriptomics. However, some investigators have attempted to identify genomic fingerprints that may distinguish between mutagenic and nonmutagenic carcinogens. For example, Ellinger-Ziegelbauer et al. (2005) compared gene expression data for four mutagenic and four nonmutagenic hepatic carcinogens after short-term exposure ( 2 weeks) in rats. Importantly, the mutagenic carcinogens were characterized as inducing DNA modification and causing mutations and physical distortion of DNA (Ellinger-Ziegelbauer et al., 2004 , and have been characterized as mutagens by the US EPA (2005b EPA ( , 2007 . Ellinger-Ziegelbauer et al. (2005) identified 139 genes comprising seven toxicological categories that were useful for distinguishing the two classes of carcinogens. We compared the Cr(VI)-induced gene expression changes in the mouse duodenum with gene changes produced by the eight carcinogens -all after only 7 days of exposure. The reader is referred to Thompson et al. (2012b) for further details of this analysis. Overall, the genomic response induced by 520 mg/l SDD at day 8 was more similar to that induced by nonmutagenic than by mutagenic carcinogens ( Figure 6B ; Thompson et al. 2012b ). These findings lend additional support to the WOE indicating that the intestinal tumors in the mouse duodenum were the result of a nonmutagenic MOA.
In conclusion, the apparent absence of effects on Kras and Apc is consistent with the fact that early tumors, metastases and mortality were not observed in the NTP 2-year bioassay (NTP, 2008b) , as well as the absence of preneoplastic (e.g. focal hyperplasia) or neoplastic lesions in any of the 90-day Cr(VI) drinking water studies (NTP, 2007; Thompson et al., 2011b Thompson et al., , 2012c . It is also consistent with the absence of cytogenetic damage in the duodenal crypts. These findings support that Cr(VI) is not acting via a mutagenic MOA, specifically where mutation is an early key event, in the mouse small intestine.
Additional supporting information

In vitro MN formation
Previous studies have examined the ability of Cr(VI) to induce MN formation in vitro (see the section ''Assessment of Cr(VI) genotoxicity in vitro''). As part of our Cr(VI) MOA research, Cr(VI) genotoxicity was assessed by high content screening methods in the CHO-K1 cell line (Thompson et al., 2012a) , which is a cell model recommended by OECD (2010). Treatment of CHO-K1 with Cr(VI) reduced viability and the number of bi-nucleated cells at !32 mM Cr(VI) -suggesting treatment-induced cell cycle arrest; at these concentrations Cr(VI) increased MN frequency ( Figure 7A ). In contrast, the positive control mitomycin-C (MMC) significantly (p50.001) increased MN frequency at concentrations that did not greatly reduce cell numbers or the percentage of binucleated cells. Treatment of A549 (a human lung adenocarcinoma epithelial cell line) with Cr(VI) resulted in relatively small but statistically significant (p50.05) increases in cytotoxicity and decreases in the percentage of bi-nucleated cells at 3.2 mM. At this concentration, the frequency of MN in bi-nucleated cells slightly increased from 1.47 AE 0.50 to 2.12 AE 0.41% ( Figure 7B ). At higher Cr(VI) concentrations, cell death was extensive. The positive control MMC significantly increased MN frequency from 1.47 AE 0.50 to 6.89 AE 2.24%. These data indicate that Cr(VI) has very weak (or negligible) genotoxic potential at noncytotoxic concentrations.
In vitro intestinal Caco-2 cell model
The genotoxicity of Cr(VI) was also assessed in Caco-2 cells, which are a well-accepted model for studying intestinal absorption, metabolism and cytotoxicity (Meunier et al., 1995; Natoli et al., 2011; Rawlinson et al., 2010; Sambruy et al., 2001; Shah et al., 2006; Smetanova et al., 2011) . When initially plated and grown for $24 h, Caco-2 cells are undifferentiated and proliferating, and thus share some characteristics with crypt enterocytes. When grown to confluency ($21 days), Caco-2 cells differentiate and exhibit structural (e.g. microvilli) and molecular (e.g. gene/protein expression) characteristics similar to villous enterocytes. This in vitro model was used to assess whether responses to Cr(VI) might differ between villous and crypt enterocytes of the small intestine.
Two forms of DNA damage were assessed in Caco-2 following 24-h treatment with Cr(VI). Oxidative DNA damage and DNA DSBs were assessed by nuclear staining intensity of 8-OHdG and phosphorylated histone variant H2AX (g-H2AX) using high content imaging methods (Thompson et al., 2012a) . H2AX phosphorylation is a sensitive indicator of DNA DSB that can result from chemical-induced DNA damage or damage introduced during DNA repair (Bonner et al., 2008; Kinner et al., 2008) . Treatment with Cr(VI) for 24 h resulted in reduced cell numbers at !3 mM Cr(VI), as well as significant increases in nuclear staining of 8-OHdG and g-H2AX in undifferentiated Caco-2 cells ( Figure 8A ). At noncytotoxic concentrations 0.1 and 0.3 mM, only 8-OHdG was significantly elevated ( Figure 8A ). In contrast to undifferentiated Caco-2 cells, differentiated Caco-2 cells were more resistant to Cr(VI). A reduction in cell numbers was only observed at 100 mM, and increased g-H2AX nuclear staining was only significantly elevated at 30 and 100 mM ( Figure 8B ). Staining of 8-OHdG showed a similar pattern. These results suggest that at low mM Cr(VI) concentrations, oxidative DNA damage predominates, whereas more severe DNA damage (as indicated by H2AX phosphorylation) occurs at higher Cr(VI) concentrations.
It should be noted that the SDD concentrations employed in the NTP study (14-516 mg/l) correspond to 100-3300 mM Cr(VI). The two clearly carcinogenic concentrations were effectively 1 and 3 mM. Although these concentrations were likely diluted and reduced by gastric contents, these concentrations entering into the intestinal lumen were likely well above cytotoxic concentrations observed in vitro in Caco-2 cells (Figure 8 ), CHO-K1 cells ( Figure 7A ), A549 cells ( Figure 7B ) and numerous other cell lines reported in the literature. Interestingly, the greater sensitivity of proliferating Caco-2 to Cr(VI) relative to differentiated Caco-2 predicts that Cr(VI) exposure in vivo might induce more adverse effects in crypt enterocytes than villous enterocytes. However, the in vivo Cr(VI) studies described in the section ''Key event 2: Villous cytotoxicity'' show that Cr(VI) causes toxicity to intestinal villi without apparent treatment-related effects on crypt enterocytes. These findings suggest that the in vitro model is either not a suitable model for the intestinal mucosa (with respect to Cr(VI) toxicity), or that crypt enterocytes were minimally (or not at all) exposed to Cr(VI) in vivo. This apparent protection against Cr(VI) exposure might be explained by mucus generated within the crypts (i.e. glands DOI: 10.3109/10408444.2013.768596 of Lieberkühn) that serves as a barrier to bacteria, viruses, particles and other toxins (DeSesso & Jacobson, 2001; Greaves, 2007; Talley, 2010) . The finding is also consistent with basic intestinal function where mature differentiated villous enterocytes function to absorb dietary nutrients. There is also evidence that anion and solute transporter expression may be lower in crypts than villi (George et al., 2008) .
Overall, the in vitro findings summarized in this section support that the intestinal tumors that arose following chronic Cr(VI) ingestion were due to prolonged increased cell turnover in an oxidized environment rather than direct DNA reactivity.
Concordance of dose-response
Following 90 days of exposure, chromium levels in duodenal tissue significantly increased at !14 mg/l SDD, and the GSH/ GSSG ratio significantly decreased at these concentrations. Cytoplasmic vacuolization and other signs of villous toxicity significantly increased at !60 mg/l SDD, and crypt cell proliferation significantly increased at !170 mg/l SDD (Thompson et al., 2011b) . Figure 9 (A) and (B) demonstrates the dose concordance among relevant end points in the duodenum at both day 8 and day 91. The plots clearly support a sequence of events beginning with decreased GSH/GSSG ratio, followed by cytoplasmic vacuolization and crypt cell proliferation, and ultimately resulting in adenoma formation (which typically precedes carcinoma formation). A similar pattern occurs in the jejunum at day 91 ( Figure 9C ). Figure 10 depicts the sequence of key events in both our 90-day MOA studies and the NTP 2-year bioassay. In the 90-day study, tissue accumulation, changes in the GSH/GSSG ratio and villous cytotoxicity (cytoplasmic vacuolization) all precede crypt hyperplasia. In the NTP study, the term ''diffuse hyperplasia'' represented both villous cytotoxicity and crypt hyperplasia, and is therefore depicted adjacent to these two key events from the 90-day study. The incidence of diffuse hyperplasia can be seen to precede the incidence of tumor formation. It should be noted that the x-axis is shown in applied dose (mg/l SDD). We have shown the dose concordance within each study because we do not believe that it is possible to obtain dose concordance across studies for several reasons. This is due to several factors including possible colony differences from different vendors and over time (Farkas et al., 2009) , differences in water intake between the studies and the large differences in study duration that potentially change the disposition of Cr(VI) over time. For example, these high concentrations of Cr(VI) can potentially alter gut microflora (Shrivastava et al., 2005) . Nevertheless, taken together, the two Cr(VI) bioassays establish a plausible sequence of events whereby Cr(VI) absorption into the villous leads to cytotoxicity in the villi, sustained crypt proliferation due to chronic wounding, and ultimately tumorigenesis.
Temporal association
Key events that occur at the same time as tumors are not likely to contribute to tumor development (Boobis et al., 2006) . In this regard, oxidative stress, toxicity to intestinal villi and crypt hyperplasia can be seen as early as 7 days of exposure (Table 7) . After 90 days of exposure, damage to villi and crypt hyperplasia can be seen across multiple doses without tumors or preneoplastic lesions such as focal hyperplasia. Similar intestinal pathology (i.e. ''diffuse hyperplasia'') was reported in the NTP 90-day bioassay (NTP, 2007) . After 2 years of exposure, diffuse hyperplasia was observed in all treatment groups (i.e. !14 mg/l SDD) and tumors at !172 mg/l SDD relative to concurrent controls (!57 mg/l relative to historical controls). These findings suggest that in the drinking water studies conducted to date, mice experienced increased cell proliferation and redox changes that began within the first week of exposure. The fact that neither preneoplastic lesions nor tumors were observed in the 90-day studies and that tumors did not occur until 450 days or later (NTP, 2007; Thompson et al., 2011b) suggests that it takes the majority of the 2-year mouse lifespan for these events to contribute to tumor formation. A highly proliferative tissue experiencing oxidative stress is expected to provide the ideal environment for an early mutation induced by a mutagenic compound -yet no increase in Kras codon 12 GAT MF or changes in Apc expression or signaling was observed with Cr(VI) administration.
Plausibility
In human sporadic colon cancer, tumor initiation occurs after the third decade of life, progresses for 10-20 years and results in carcinoma at a mean age of $68 years (Grady and (A) undifferentiated Caco-2: 8-OHdG was significantly elevated at !0.3 mM; g-H2AX was significantly elevated at !3 mM (cytotoxic concentrations) and (B) differentiated Caco-2: 8-OHdG and g-H2AX were significantly elevated at !30 mM (8-OHdG was also elevated at 0.3 mM). Nuclear staining represents mean AE SEM (n ¼ 3); Cell # ¼ mean AE SD (n ¼ 3). Figure 10 . Comparison of key events in the 90-day MOA study and the NTP 2-year bioassay. The term ''diffuse hyperplasia'' includes both villous toxicity and crypt hyperplasia. Together, these studies establish that villous cytotoxicity is an antecedent to tumor formation in the mouse small intestine. This illustration is patterned after a generalized scheme in Meek & Klaunig (2010) . DOI: 10.3109/10408444.2013.768596 Carethers, 2008). However, genetic disorders, that result in either accelerated initiation or progression can lead to earlier tumor development (Grady & Carethers, 2008) . In this colon cancer paradigm, increasing the number of cell divisions within the intestinal crypt over a lifetime due to chronic intestinal wounding could accelerate the normal progression of spontaneous tumors. In this regard, the tumors observed in the NTP 2-year bioassay were similar to those that occur spontaneously, but only rarely in untreated animals (NTP, 2008b) .
Cytotoxicity and subsequent regenerative hyperplasia is a well-known MOA (Ames et al., 1993; Boobis et al., 2009; Meek et al., 2003; US EPA, 2005a) , and it has been suggested that cytotoxic and proliferative effects observable by 13 weeks of exposure can be predictive of effects in 2-year bioassays (Cohen, 2010; Gaylor, 2005; Slikker et al., 2004) . Indeed, the NTP Cr(VI) studies followed this pattern; cytotoxicity and proliferation were observed in the intestine of mice after 13 weeks of exposure (NTP, 2007) , and tumors were observed in the intestines after lifetime exposure (NTP, 2008b) . In contrast, proliferation was not observed in the intestine of rats after 13 weeks of exposure (NTP, 2007) , nor were intestinal tumors after lifetime exposure (NTP, 2008b) . The small intestine is one of the most proliferative tissues in the body and it is likely that the additional proliferative pressure due to chronic high dose Cr(VI) exposure increased tumor initiation and promotion. Considering that Cr(VI) did not increase mortality and that the tumors did not appear to metastasize (NTP, 2008b) , the WOE supports that the increase in tumors was the result of increased lifetime crypt proliferation as opposed to the activity of a direct acting mutagen. The lack of preneoplastic focal hyperplasia further suggests that pockets of clonal expansion that might arise from a mutagen did not occur.
Although we did not conduct any counterfactual experiments, i.e. experiments aimed at blocking key steps in the MOA to determine whether tumors could be prevented, several lines of evidence support that preventing villous cytotoxicity prevents Cr(VI)-induced intestinal carcinogenesis. First, rats exposed to equally high Cr(VI) concentrations in drinking water did not develop diffuse hyperplasia or tumors (NTP, 2008b) . Second, the absence of lesions in the colon, which lacks a villus counterpart, also suggests a requirement of villous cytotoxicity. Subcutaneous injection of dimethylhydrazine (DMH) induces MN, crypt proliferation and tumors in both the duodenum and colon of mice (Goldberg et al., 1983; Lipkin & Deschner, 1976; Ronen and Heddle, 1984; Snow & Altmann, 1983; Sunter et al., 1978) . These DMH-induced tumors likely arise from exposure in blood and/or bile (Pozharisski et al., 1975) . If the Cr(VI)-induced intestinal hyperplasia and tumors in the mouse small intestine were mediated through the blood, it seems likely then that similar effects would have been observed in colonic crypts. The absence of colonic lesions indicates that either Cr(VI) was reduced to Cr(III) prior to reaching the colonic lumen or that the structure of the colon (namely absence of absorptive villi) prevented a cytotoxicityinduced proliferative pressure on the colonic crypts. It is well known that Cr(VI) uptake requires anion transporters, and it is reasonable to assume that uptake primarily occurs in the villus. Although the identity of individual Cr(VI) transporters remains uncertain, solute anion carriers are reported to be more highly expressed in the human villus than crypt (George et al., 2008) . The observation that intestinal tumors in mice correlated with the location where nutrient absorption is highest in the intestine (duodenum and proximal jejunum) supports that villous toxicity is necessary step in the MOA. It is also notable that the proliferative effects in the duodenum following chronic DMH treatment also lead to an increase in villus length and cell number (Snow & Altmann, 1983) . This is in stark contrast to the villous vacuolization, blunting and atrophy following Cr(VI) exposure. DMH exposure also results in MN formation and fairly rapid onset ($22 weeks) of intestinal tumors (Snow & Altmann, 1983; Sunter et al., 1978) . These differences between DMH and Cr(VI) suggest very different MOAs for the two compounds. Indeed, as was discussed in the section ''In vitro intestinal Caco-2 cell model'', our in vitro Caco-2 model predicts that Cr(VI) should be toxic to proliferating cells. As this was not observed in vivo, it appears that Cr(VI) is not directly affecting crypt cells.
Similarities with other chemicals that have caused small intestinal tumors in rodents in 2-year bioassays Three chemicals investigated by NTP have been noted to cause intestinal tumors in mice: indium phosphide, o-nitrotoluene and captan (Chandra et al., 2010; Stout et al., 2009a) . However, the increased incidence of intestinal tumors from indium phosphide was from an inhalation study, where the NTP study authors characterized the evidence for these tumors as marginal and ''may have been related to exposure to indium phosphide' ' (NTP, 2001) . Notably, lung tumors induced by indium phosphide are thought to involve oxidative stress (Gottschling et al., 2001; Upham & Wagner, 2001) . O-nitrotoluene (2-nitrotoluene) caused increased incidences of neoplasms in the large intestine, not small intestine (NTP, 2002) . Mechanistic studies suggest that o-nitrotoluene (Thompson et al., 2011b) Nrf2 activation/oxidative stress (Kopec et al., 2012a,b) Cytoplasmic vacuolization (Thompson et al., 2011b) Crypt hyperplasia (Thompson et al., 2011b) Absence of aberrant nuclei in duodenal crypts (Harris et al., 2012 ) Transcript changes consistent with nonmutagenic MOA ) No Apc or Wnt/b-catenin changes (herein) 90 Days Diffuse hyperplasia (NTP, 2007) Decreased GSH/GSSG ratio (Thompson et al., 2011b) Nrf2 activation (Kopec et al., 2012a,b) Cytoplasmic vacuolization (Thompson et al., 2011b) Crypt hyperplasia (Thompson et al., 2011b) Absence of aberrant nuclei in duodenal crypts (Harris et al., 2012) No change in Kras mutation (O'Brien et al., 2012) No Apc or Wnt/b-catenin changes (herein) 2 Years Diffuse hyperplasia (NTP, 2008b) Adenomas and carcinomas (NTP, 2008b) carcinogenicity may also involve oxidative mechanisms (Watanabe et al., 2010) . Captan and the structurally similar chemical folpet induce similar morphological changes in the intestine as Cr(VI) including cytotoxicity to villi, blunting of villi, regenerative crypt cell proliferation and adenomas and carcinomas in the mouse duodenum and, to a lesser extent, jejunum NCI, 1977) . Furthermore, captan and folpet do not induce intestinal tumors in rats. Like Cr(VI), captan and folpet exhibit mutagenic activity in vitro, but evidence for in vivo mutagenicity is equivocal or negative (Arce et al., 2010; Bernard & Gordon, 2000) . Interestingly, over three decades ago the mutagenicity of Cr(VI) and captan in bacteria was shown to be mitigated by S9 (De Flora, 1978) , suggesting that they might share similar characteristics. Mechanistically, captan and folpet induce toxicity by reacting with thiols in GSH and proteins, which generates the highly reactive thiophosgene that also interacts with thiols and other cellular constituents . Both chemicals have been shown to significantly deplete duodenal GSH within the first few hours of exposure and then significantly increase GSH by 24 h relative to untreated animals (Arce et al., 2010; Cohen et al., 2010) . Although GSH levels were not measured in the intestine within 24 h of exposure to Cr(VI), Cr(VI) elicited dose-dependent increases in intestinal GSH at both day 8 and day 91 (Thompson et al., 2011b) . Given that glutathione is one of the key intracellular agents responsible for reducing Cr(VI), it seems likely that Cr(VI) would also acutely deplete GSH levels before cells have sufficient time to adapt and synthesize more. All three chemicals also fail to induce MN in intestinal crypts (Arce et al., 2010; Chidiac & Goldberg, 1987; Harris et al., 2012) .
In 2004, the US EPA classified captan as ''not likely'' to be a human carcinogen after an independent peer-review concluded that captan acted through a nonmutagenic MOA that ''required prolonged irritation of the duodenal villi as the initial key event'' (Gordon, 2007; US EPA, 2004) . The similar effects induced by captan, folpet and Cr(VI) make it plausible that they share a common nonmutagenic MOA that likely involves point of contact cytotoxicity in the villi followed by sustained proliferative pressure on crypt cells to regenerate the mucosa. Over a lifetime of exposure to such cytotoxic chemicals, there is an increased risk of carcinogenesis.
Alternative MOAs
Alternative MOAs for Cr(VI)-induced intestinal cancer might include mitogenic and mutagenic MOAs. With regard to the former, there is no evidence to suggest that Cr(VI) stimulates crypt hyperplasia in the absence of cytotoxicity, as hyperplasia occurs subsequent to villous cytotoxicity in both dose and time. Moreover, a mitogenic effect would likely lead to elongated crypts without blunted villi. Prior to the conduct of the studies described herein, some investigators hypothesized that the intestinal tumors observed in mice arose by a mutagenic MOA -based primarily on data from nontarget tissues and in vitro systems (McCarroll et al., 2010) . Specifically, it was hypothesized that hyperplasia occurred subsequent to DNA mutation (McCarroll et al., 2010) . Consistent with this idea, mutations in Kras and Apc can result in increased crypt cell proliferation in the intestine (Barker et al., 2009; Feng et al., 2011; Luongo et al., 1994; Rizk & Barker, 2012; Shibata et al., 1997; Su et al., 1992 ). However, as described herein, we did not detect changes related to Apc expression or signaling, nor did we detect increases in Kras MF. Moreover, we believe that the high incidence (60%) of crypt proliferation after only seven days of exposure to Cr(VI) is unlikely to be the result of mutationespecially considering the lack of neoplasms at day 90, and the late tumor onset in the NTP studies. Furthermore, rats exposed to 60 mg/L SDD for 7 days developed crypt hyperplasia (Thompson et al., 2012c ; see section ''Data gaps''). That hyperplasia and tumors were not observed in the NTP 2-year study suggests that the Cr-induced hyperplasia is reversible and not the result of mutation.
It is difficult/impossible to completely disprove that Cr(VI) causes mutations directly. Unlike for the human, commercially available somatic mutation screening assays using competitive PCR methods are not readily available for mice; and other conventional sequencing approaches, such as Sanger sequencing, are not sufficiently sensitive to measure mutations in nonneoplastic tissue. Therefore, it is informative to assess the available data in the context of generally accepted characteristics for carcinogens that act through a mutagenic MOA. For example, the US EPA has proposed a general framework for assessing a mutagenic MOA in their draft guidance, Framework for Detecting a Mutagenic Mode of Action for Carcinogenicity (US EPA, 2007) . Although still in draft form, the framework nevertheless provides insightful approaches for determining whether a chemical acts through a mutagenic MOA. First and foremost, the framework explicitly states the critical question, ''Is mutation an early key event in the chemical's induction of cancer?''. As part of determining a mutagenic MOA, one must (a) establish whether a chemical has mutagenic properties, (b) establish whether mutagenicity is relevant to the MOA in the tissue of interest by considering dose-response concordance, temporal concordance and plausibility and (c) consider alternative MOAs.
As shown in Table 8 , data from the small intestine do not support dose-response concordance, temporal concordance or plausibility associated with a mutagenic MOA. With exposure to increasing concentrations of Cr(VI), there was no evidence of increased cytogenetic damage in crypt enterocytes, alteration in Apc expression or signaling, or mutations in Kras. In contrast, cytotoxicity, oxidative stress and crypt hyperplasia were all increased in a dose-dependent manner. With increased duration of exposure to Cr(VI), there was no evidence of increased cytogenetic damage in crypt enterocytes, alteration in Apc expression or signaling, or incidence of preneoplastic lesions. In contrast, oxidative stress, cytotoxicity and crypt hyperplasia were worse (or more prevalent) at day 91 relative to day 8. Thus, the hypothesis that mutation is an early initiating key event in the intestinal carcinogenesis is inconsistent with the MOA data collected from the target tissue, as well as the late tumor onset, lack of tumors outside the portal of entry and lack of increased mortality (NTP, 2008b) . It should also be noted that most in vivo MN studies are conducted in proliferative tissues such as bone marrow, skin and intestine because proliferation facilitates the detection of genotoxicity (Morita et al., 2011) . Because the small intestine is a highly proliferative tissue, it is likely that evidence of DNA damage and mutation would have been readily apparent if Cr(VI) tumorigenicity was mediated through a direct genotoxic or mutagenic MOA.
The US EPA mutagenic MOA framework provides a list of characteristics typical of mutagens -some of which are listed in Table 9 . The data collected in target tissue and summarized in this review do not share these characteristics. For example, mutations found in genes that are associated with carcinogenesis and in the presence of low cytotoxicity increase the WOE for a mutagenic MOA. In this regard, we did not detect increases in Kras MF or changes in Apc/Wnt/b-catenin signaling, even at cytotoxic concentrations. The US EPA framework also indicates that mutagens often elicit tumor responses early in chronic studies (e.g. within 52 weeks), yet the tumors in the NTP Cr(VI) were observed late in the study ($450 days) and did not increase mortality (NTP, 2008b) . Boobis et al. (2009) have also outlined general key events for chemicals with a mutagenic MOA (Table 9) . Notably, clonal expansion of mutated cells often increases mutations in other key genes and leads to preneoplastic lesions. Thus, even if Cr(VI) did not specifically ''target'' Kras, a general increase in mutations would likely lead to increases in additional mutations in Kras codon 12, which were measurable, but unchanged by Cr(VI), using the highly sensitive ACB-PCR assay. Furthermore, the lack of preneoplastic lesions suggests that clonal expansion of cells with growth advantages (such as can be conferred by Kras mutations) were not present. Notably, Boobis et al. state that, ''. . .carcinogens are considered in two clearly distinguished groups based upon their MOA-DNA-reactive (mutagenic) and nonDNA-reactive (e.g. receptor-mediated, mitogenic, cytotoxic, oxidative stress)''. The evidence herein supports involvement of both cytotoxicity and oxidative stress in the MOA for Cr(VI)-induced intestinal carcinogenesis. Table 9 also provides a similar list of events/characteristics of DNA reactive compounds as described by Preston & Williams (2005) . These key events focus on effects in critical genes, in critical replicating target cells. The findings herein suggest that Cr(VI) is not directly affecting the target cells of the crypt.
Even without the new intestinal data summarized herein, much of the available literature indicates that Cr(VI) carcinogenicity is a high dose phenomenon and that nonphysiological exposure scenarios and high doses are required for carcinogenicity. Moreover, much of the available evidence for genotoxicity comes primarily from in vitro systems that lack pharmacokinetic defenses, and often involve already transformed cell lines. These views appear to be in direct contrast to those expressed by McCarroll et al. (2010) . However, that review was published before the conduct of the studies described in this article. In support of a mutagenic MOA, McCarroll et al. (2010) point to the evidence for Cr(VI) carcinogenicity in multiple tissues and in multiple species. However, in each species, oral exposure resulted in only one tumor location (NTP, 2008b) . Interestingly, NTP reported increases in chromium in the livers of both species, suggesting that Cr(VI) is present in portal circulation at the high doses administered in the NTP study, yet no increased incidence of liver tumors were observed. McCarroll et al. also state that mutagenesis in somatic cells is supported by ''MN induction in fetuses''. This finding appears to be based on the work of De Flora et al. (2006) , who showed that a single i.p. injection of 50 mg/kg sodium chromate to pregnant mice induced MN in fetuses; however, in the same study De Flora et al. also showed that exposure to 10 mg/l sodium dichromate in drinking water throughout pregnancy did not induce MN in fetuses (see Table  2 ). We have now shown that ingestion of Cr(VI) in drinking water does not induce MN in the target tissue (i.e. duodenal crypts) -even at carcinogenic concentrations.
Potentially susceptible subpopulations
In fasting conditions, gastric pH is normally low (typically between 1 and 2), and therefore the pH-dependent reduction of Cr(VI) to Cr(III) in the stomach lumen occurs rapidly (Kirman et al., 2012) . This suggests that individuals with higher gastric pH might reduce Cr(VI) less efficiently, and as a result, have a higher tissue dose of Cr(VI) in the small intestine. Individuals with altered gastric secretion (e.g. achlorhydria or hypochlorhydria) adminstered Cr(VI) had increased Cr(VI) absorption, presumably due to impaired gastric reduction of Cr(VI) to Cr(III) (Donaldson & Barreras, 1966) . Individuals taking proton pump inhibitors (PPIs) have an intragastric pH range of 4-10. This range is higher than that in healthy adults, who have fasting gastric pH of $1.5 and postprandial gastric pH of $5 (Amendola et al., 2007; Dressman et al., 1990; Gardner et al., 2004) . Infants less than four weeks old have fasting gastric pH values of 3-4 and a postprandial gastric pH of 7 (Nagita et al., 1996) . By age 2 or 3 years, gastric production and gastric pH reach adult values (Koren, 1997; Nagita et al., 1996) . Although these life-stages and conditions may be associated with greater susceptibility to Cr(VI) exposure relative to healthy adults, PBPK models can incorporate differences in toxicokinetics imparted by life stage as well as pharmaceutical usage. Individuals with intestinal diseases might also be more sensitive to Cr(VI) exposure. For example, people with celiac disease are at risk for adenocarcinomas (Green & Cellier, 2007) , in part due to increased oxidative stress (Stojiljkovic et al., 2012) . Nevertheless, a recent meta analysis of Cr(VI) found no evidence for increased risk of cancers of the alimentary canal from exposure to Cr(VI) (Gatto et al., 2010) .
Data gaps
As with all datasets, there are some gaps in our knowledge of the detailed sequence of events. However, these gaps represent more of a deficiency in the detailed mechanism of action as opposed to the more general MOA needed for human health risk assessment (US EPA, 2005a). For example, the ability to distinguish between Cr(III) and Cr(VI) in biological samples could greatly enhance detailed understanding of Cr(VI) toxicity; to date, however, these forms cannot be readily distinguished. In addition to measures of the GSH/ GSSG ratio, alternative measures of oxidative status, such as cysteine/cystine and NAD þ /NADH ratios, and lipid oxidation could be informative. Further, measures of Cr-DNA adducts that can be reliably measured in vivo and differentiated between crypt and villi enterocytes could be helpful.
With regard to in vivo mutation analysis, access to paraffin embedded tumor samples from the NTP 2-year bioassay would allow for DNA extraction and determination of the specific mutations, if any, that might be more prevalent in Cr(VI)-induced intestinal tumors. Such knowledge would provide a means for more refined focus in the mutation analysis conducted in shorter term assays; to date, however, such information has not been published. Some studies have shown epigenetic changes in DNA methylation following chromium exposure (Klein et al., 2002; Sun et al., 2009; Takahashi et al., 2005) ; thus assessment of genomic methylation status might also provide additional useful information on chromium toxicity. It is also unclear whether the tumors that arise following Cr(VI) exposure are due simply to expansion of preexisting initiated cells as a consequence of Table 9 . Select properties of mutagenicity as key events and application to the Cr(VI) in the small intestine. Adenomas greatly outnumber adenocarcinomas (NTP, 2008b) the constant proliferative pressure, or whether cells become initiated due to new mutations that arise from constant proliferative pressure. However, the MOA is not meaningfully altered either way.
One of the goals of the 90-day MOA studies was to collect similar data in both mice and rats in order to better understand the species differences in tumor development. The previous NTP studies did not observe diffuse hyperplasia or tumors in the intestines of rats (NTP, 2007 (NTP, , 2008b . In contrast, Thompson et al. (2012c) reported that rats exhibited apoptosis in the villi and crypt hyperplasia at !170 mg/l SDD. The reason for this difference likely relates to water intake, which was nearly 2-fold higher in Thompson et al. (2012c) , but consistent with published intake values (US EPA, 1988) . These findings indicate that with increased Cr(VI) exposure, rats begin to exhibit non-neoplastic lesions similar to those observed in mice, and suggest that dosimetry is an important factor in the intestinal carcinogenesis of Cr(VI).
Human relevance
Human relevance addresses three fundamental questions: (1) Is the WOE sufficient to establish the MOA in animals?, (2) Are the key events plausible in humans? and (3) Are the key events plausible in humans after accounting for pharmacokinetics and pharmacodynamics? (Boobis et al., 2006; Meek et al., 2003) . In our initial MOA assessment (conducted in 2010), it was concluded that the WOE to establish the MOA in animals was not sufficient and that additional data were needed, in particular from the target tissues (Thompson et al., 2011a) . As such, an effort was undertaken to gather data necessary to fill the data gaps identified. Based on findings summarized herein, we now conclude that the WOE is sufficient to establish the MOA in mice, which likely involves the key events described in Figure 2 . These key events are listed in Table 10 , along with available evidence in mice, rats and humans. The evidence in rats is primarily from the 90-day and 2-year studies conducted by NTP; however, as described in the section ''Data gaps'', rats with higher Cr(VI) intake than in the NTP studies did develop intestinal lesions in Thompson et al. (2012c) . These findings suggest that the MOA in mice might be applicable to rats under greater exposure scenarios. This also suggests that the MOA is relevant to humans provided that the dose is sufficient. This leads to the third of the aforementioned questions, i.e. Are the key events plausible in humans after accounting for pharmacokinetics and pharmacodynamics?
Although the gastrointestinal tract is, in general, similar between rodents and humans, there are several factors that influence pharamacokinetics. Cr(VI) reduction rate is pH dependent, with greater Cr(VI) reduction capacity in fed than fasted conditions (Kirman et al., 2012; Proctor et al., 2012) . The pH of the various sections of the gastrointestinal tract differs across tissues and species, as do feeding patterns and gastric motility (Kirman et al., 2012, accepted; McConnell et al., 2008) . Thus, the only way to predict the pharmacokinetics of Cr(VI) with any certainty is through PBPK models. Recently developed PBPK models for Cr(VI) will be useful for quantifying pharmacokinetic differences of Cr(VI) across species (Kirman et al., 2012, accepted; Proctor et al., 2012) . PBPK models can also be used to investigate potentially susceptible populations, such as individuals taking PPIs.
Equally important as pharmacokinetics is exposure. The Cr(VI) concentrations that induced tumors in mice (!20 mg/l Cr(VI)) are three orders of magnitude higher than typical drinking water exposures, which average 0.001-0.005 mg Cr(VI)/l (AWWA, 2004; CDPH, 2011) . Thus, human pharmacokinetics (or dynamics) would have to differ substantially from mice in order for typical exposures to pose a cancer risk. It should also be noted that rodents can synthesize their own ascorbate, whereas humans must acquire ascorbate in their diet (Linster & Van Schaftingen, 2007) . It has been argued that intracellular ascorbate-mediated Cr(VI) reduction may be more deleterious than other forms of Cr(VI) reduction (Reynolds et al., 2012) . If true, then the inability of humans to synthesize ascorbate may be ''beneficial''; furthermore, diets rich in ascorbate imply that chromium present in the diet would more likely be in the reduced form, i.e. Cr(III), and less likely to be absorbed in the intestine. Importantly, one should not disregard the fact that there is little convincing epidemiological evidence that Cr(VI) increases risk of intestinal cancer among individuals exposed in the workplace (Gatto et al., 2010) ; nor is there evidence of elevated overall cancer rates among individuals exposed environmentally via groundwater (Morgan, 2011) .
There are several human conditions that result in small intestinal damage. Villus blunting and crypt proliferation are a nonspecific reaction to various types of intestinal injury including viral, bacterial and parasitic intestinal infections (Greaves, 2007; Serra & Jani, 2006) . Celiac disease is characterized by villus atrophy, crypt hyperplasia and infiltrations into the lamina propria. This pathology is due, in part, to inflammatory responses to gluten in the diet, which leads to inflammation, oxidative stress, villus atrophy and crypt hyperplasia. Individuals with inflammatory diseases of the small intestine such as celiac disease are at risk for adenocarcinomas (Kumar et al., 2005) . Nevertheless, small intestinal cancer is a relatively rare disease (DeVita Thompson et al. (2011b Thompson et al. ( , 2012c . zObserved in Thompson et al. (2012c) but not in NTP (2008a) due to higher water intake in the former. Talley, 2010) . Although there is widespread exposure to low levels of Cr(VI) in drinking water, it seems unlikely that low levels of Cr(VI) pose an additional risk for intestinal cancer in patients with intestinal diseases.
Conclusion
MOA analysis is a key element in human health risk assessment (Boobis et al., 2006 (Boobis et al., , 2009 Meek et al., 2003; Seed et al., 2005; US EPA, 2005a) . When a general MOA has been well established, it ''lowers the barrier'' of acceptance when such an MOA is proposed for another chemical/tumor site of interest (Boobis et al., 2006) . In this regard, Cr(VI) shares similar toxicological and carcinogenic characteristics as captan and folpet, which have previously been determined to act via a cytotoxic nonmutagenic MOA (Arce et al., 2010; Cohen et al., 2010; Gordon, 2007; US EPA, 2004) . The relative rarity of intestinal tumors means that risk assessors have had comparatively less experience analyzing MOAs for carcinogenesis of the small intestine. In fact, 80-90% of cancers observed in rodent bioassays occur in eight tissues/systems, and the small intestine is not among these (Gold et al., 2001) . Even though Cr(VI) and captan/folpet do not share structural similarity, their toxicological and carcinogenic phenotypes begin to establish a general MOA for intestinal neoplasms induced by environmental chemicals that involves chronic wounding and healing of the intestinal mucosa. The newly developed target tissue-specific mechanistic data provide a substantially stronger and more scientifically robust basis for assessing the MOA for Cr(VI)-induced intestinal carcinogenesis than has been available previously. The WOE from these studies strongly supports that Cr(VI) acts by a cytotoxic MOA in the development of rodent small intestinal tumors. It is important to recognize that this MOA is specific to the small intestine, and although it may be informative to other tissues, it is not necessarily applicable to all tumors caused by Cr(VI). Chemicals may act by multiple MOAs, at different tumor sites and potentially at different doses (US EPA, 2005a); however, the MOA that is specific to the tumor response used for risk assessment is critical for lowdose extrapolation. Because mouse small intestinal cancers have been used as the basis of a number of quantitative risk assessments for ingested Cr(VI) (McCarroll et al., 2010; OEHHA, 2011; Stern, 2010; US EPA, 2010) , these MOA findings specifically inform the most appropriate approach for low-dose extrapolations for these and other risk assessments on oral exposure to Cr(VI).
